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IMlfera fehia fllm« of earbon %n thm tliielmess rms& lOQ 
t« 3300 Mg»tFoa» Mw b0®a prepared hf are airapoyatioa in 
itmwi* Tj&pg® i^3P®0t ei»r©n%s permitted «"v&por&tloii i*at®a of 
sppfoxinately 50 Mgatr©ai per a^ eond# !&© pi»©p«i»tiei of 
these filaa suggest that maaa©ftl©i ar© 0irap©ifat©€ ©lyrboja 
had less loag»i?tiis© m&w m& wast mm truly 
aawphsms in strtieture %hm mj Qttmr I'o^ m of e«»boa y@t ob-
taiatd# .Mter tli© films Imd hmn laeated to 1,E00®K» liow®ire3?, 
th©tr pr@pe3Pti©s w®r# fiifflilai» to ©Filaaipf fin® pwticl® eai?-
boa felaek®, ftppai»®ntlj as a result ©f increased ©rderlBg in 
grapMta l&y©*»» witheut ©jpderiiig l>#tM«en laj@r0» lleetron 
diffraetiuii pictures were siailar t© the x-faf diffx^ &etion 
pietwr@s ©f fiao partlele ©arbon blaeks* lo struotur© was 
Tiaitol# with -m el®#ti»oa -ititreseop#* Th& ©leetfieal fesis* 
tivity of •waaaaealed fiMs f®llciM®d ©bat law^  was not photo-
sensitif®, and muM b# m@11 rmpmB»nkm4 in tii# teaperatwe 
rang® 77®!,. to 300«I» hj th® ©quatloa H « whmm b « $» 
Wtien th© eartooa film V9m hmtmd mhove rmm temperatwe, 
tlia rsaistivitj and th© ©j^ oaent fe w®p® feoth sub-
staatiallft Aft®i* tlie fila» liad betn .aaii«al#s! at 1,200®!*, 
th© resistifity vm r@&u00& hj a faotoF @x@®e<llng 800, and 
couM be "best ip©pre8#nted, ia th® feea^ eratiii!'# r&Mg6 77*K» 
to 1^ 200®K#, by th.# equation 1 « a f» fhe fftlnes of th® 
resistivity, t©i^ ®pat«i»® eosffieient of reslttiTity, nai 
fiii 
pow®i* of the &na«aX©<i fila® w@i*© tben mop© 
rteai^ ly in agrdemcnt with tbe ©©rraspoMiiig Taluea for ordi­
nary fin© particle ©arlaoa blaoks# Ilall voltages M#re not 
larg® enough fco to® ©bs®j:»ir©d« 1© infraftd atosoi^ tioa bands 
Indleatlng pesaibl# boni r©8oimaees w®x»« ©fes®r^ ®€# Sa® 
«ff©ets of &bs©pl>«i g&s©®, tliemo-isseliaaltal ©ffeeta, ani 
itraotmi*© dependent ®ffeets, are briefly eonsiderti, rniM 
smm possibl® spflieatloag of tiie properties of these copbou 
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pointed oarboa Carbon is du.® to th@ 
iiit#at« Ideal heating #iieli ommsm fh« film fonts an aeem-
rat© replies of tla@ gubstrftt® (15)# «ni proirii«« a mmen-
i#at teelmi^ # for aurfaee studies, • By ©vaporating a&rbon 
onto thm subitrat® at an angl®, ««lf ahadoMsi replle&« eaa 
b# obtalaei# 'Bm prmmmm of »mm detail in tbe sbaiow areai 
imdieat®# a partial flo« of oarbom atoms iato this region, 
md ®mgg@sta that a ©arbon atom has »©a« mobility on tb® stib» 
strat© swptmm^  
faomtia are ffl»tfao4s show proais© of b®eo«iiig a reliable 
t«otoiqa« f€0p owporatiag tbia fila® of refr&otorj naterials# 
i^l® tlio pr®8#»t itt¥®»tigatioa was in progress, Voiar et al 
Cl6) r©p©rt«i sweeesifttl volatizatioa of ,a#tiil« froa «leo-
trodos of m are iiiekarg© at initial pr®»#ur®s of approxi-
»tt®ly 10*^ jia of Msronry. l*k® a&ttrialt evaporated wmre 
oiirboa, tuagsten, platiata, iri€iw»|, otooiiiiia, goli, anfi 
zim% Gopp9T mnd aliaiawa dii not folatillz# mil witii this 
arraiig®ffl«nt« 
Otbsr types of oarboa filas ar® alao r^ ortoi in the 
lit«rat«r®» flies® fil»s ar® prepared not by ©mporation, 
b«t by applying m thin film of eolloiAal ©arbon or & solm» 
tion eontaining oarboa to s »ttitable smbstratfi# For «ai^ l®, 
Smltli aai H©®fli©k fl7) baw prepared e&rboa fila« with hm-
!ii4ity-0«a»itif® resistane© 3.haraet®riatio«j, wMob «r© r«la-* 
tl¥©ly in«@nsltiv« to artiient to^ er&tur©# 
B. Properties of Graphite 
Carbon occurs natnirallj in two ©rystallin© forms, dia­
mond and graphite. Of the two, graphite is tti® more stabl®, 
©xeept at very high teasperaturea and pr©sstir®s« Graphite 
oceurs in a layer atruetur® as shown in Figure !• fti® 
struotur© of polyorystallin# carbon variea somawhat from 
the struoture of th© figure for the layer spacing is 
slightly larger (l8)« ®ie layer spacing for graphite sin­
gle crystals is 3»3$h Angstroms, In polyerystallin® carbons, 
aowB layers hate this spacing, but frequent layers, rotated 
with respeet to their neighbors, have spaoings whioh in-
ereas© up to 3*114 Aiigstr«s. 
fhe physical properties of graphite vary greatly, de­
pending on ©rystallin© size, impurities, tea^ erature of 
graphitization, and method of aanufaetiare# The weak bond­
ing between graphite planes makes this mterial an excel­
lent lubricant# fhe low coeffieient of friotion is main­
tained under praotioally all working conditions# Crucibles 
aade of graphite ®nd elay have been used for eenturies. 
•Eh® fine particle oarbons sueh as lampblaek and carbon blaek 
are used in printers ink, lead pencils, earboa paper, paints, 
and rubber tires. Other forms of carbon are used as decol­
orizing and purifying agents in the aanufaetxjre of foods, 
chemicals, and drugs# 
5 
Figure 1. The structure of graphite 
6 
fh© ©leetrieal oonduotivltj of graphite single crystals 
inereases with decreasing temperature, priais^  and Fuehs (19) 
report a change in eoMuctl^ ity toy a factor ©f about 15 be­
tween and 300®K. The resistivity of a single crystal 
in th« a^ direetions, perpendicular to th« e-axis, is usually 
quoted to b® about 5*5 1©"^  ©ha em» at 300®K (20,21). ®i.e 
resistivity in the e*axis direction ia ®ieh greater, fh® 
resistivity ratio between th® c-direetion aM th® a-direction 
has reported values from 1^  to 10^  (19,22). This variation 
is undoubtedly iua in part to imperfections in crystal struc­
ture# 
fh® tei|>®ratur© coeffioieat of resistance is usually 
algebraically smaller for polyorystallin® graphite than for 
single crystals. For ttie smaller particle sise graphite®, 
with diameters of about 1000 Angstroms, an iacraase in t@B-
peratur© up to around 600^ 1. typically causes a decrease in 
r©slBtanc«* 1 further ris© in teiig>erature causes an inereasa 
in rasistane® (28). The decraaie in ressiatanc® b©tM©@n 
bhA 300®K# is approximately 20 per cent. 
Wallaea (23) calculated th« structiire of th® energy 
bands and Brillouin sisonas for graphite using th® "tight bind­
ing" approximation. 'Graphite was found to b® a s@aiconductor 
with sero activation energy. To a first approxiiaation, th© 
interaction b@tw®®n planes was naglactad, and th® alactrioal 
conduction was assuaed to take plaee only along the layers. 
Bi© current carriars are elactrons ©xcitad into the 
7 
eondaetioa ani ea equal number of positIt© holes sre-
at#d in %h@ Immr bani. F@p th© twj di^ nslonal oas®, tlie 
eonduetiirity was fonaS to t># 
<r « M la 2 CEt. 1) 
#e 
o Is t«io© til® dlstaae© between g^ p&pliite planes, f is 
til© teapwatwe, mS. T is tti® iaT®ra© of tte.e probability of 
sotttwiiig par mit tl*f» TMs »im f**#e ti®® ia related to 
the mean fS"©® p&tii, aad ta av©p&g# v@loeity v toy th© i?e-
lAtion 
J a -^ r 
fh© tlMPee ii»nfiional giws pre©is@lj th® 
same result for th# leading t®i»» in the ®<|uation for eoii<ime-
tifitj# In the two iiTOitiional cas®, tlie <J©asitj of states 
Rpproaohes zaro ItaeaFlj at the &n&rgf where the ©oadmetloa 
and. iralene© baada tottoli. thr«# dii»»»iorial tp®ata©nt 
gt¥©s a finite density of Mt&tm at that ©aeygy* la both 
osa#®, howmfmn?, tlb® ©f fr®e ©leetroat wouM be aero 
at tiie absolMt® ge^ o of tei^ #ratOT«# 
Owtei? and ^ a3ito.iisl C2l|.) »mgg®at alight n^ difioations 
to til© Amnaltf of states ouft# neai* tli© iainiiuaa value# Oal-
ciilati0j»s hj Geiilton and faylor |25f26) aad ^ ohastQn {2?) 
are siailaf, differing Bommhrnt in 'j?@sults foi? tb® ©aergies 
near tia« baM e%«s* 
8 
She equation for conductivitj. Equation (1), la pro­
portional to the te^ erature, T# Agre©aent with experiment 
is obtained if th® ««aii free path {or the «©an free tiia©) is 
assumed to deereai® .with te^ erature faster than IMs 
results in a ecaiduetivity «M®h decreases with increasing 
temperature in agreement with ®:2^ erlai©nt for graphite single 
erystals# 
The teaperature dependent® of the aaan free path is 
also used to explain the teaperature dependence of th© 0on-
duetiirity of polfcrjstalline graptoite. the corKiuetiTlty of 
polycrjstalline graphite inereases as the temperature In­
creases# ®iei® effects were considered by Bowen (29) and 
Kinchin (20)# ISie observed results are explained by asauia-
ing 
i - |r • ^  (Eq. 2) 
( ' T ^ 
where Tf is the mean free time for seatteriB® by lattice 
vibrations, and it the mm free tiae for scattering 
from grain boundaries. At low temperature®, 1/ fo dominates 
1/Tff the 3»an .free time i® nearly te^ erature inde­
pendent. At suffieiently high tei^ #,patur®s, Ty beeomes 
0O®l>arable to T^ , and further inerease in tei^ erature re­
sults in a decrease of the total mean free tine siiffieient 
to deereas® th® oonduetivity# 
9 
In til® abo's'e ilsoussion, it lias hmti assumed timt tli® 
Ferai l©t©X :pe«aiiis at the Jmiietion between the sonduotion 
baad and the iralsac® band# If o** hales ware re-
•iio¥©d fy©® lii© ooMmotion aM valeao© band® tisrougli trapping 
bj lattiee the Fermi Isvel oouM b« displaced fpoa 
ita original position# leimig 130) lia.® caloulated tlie con*» 
duetivitj along th® planas for tliia eas®, and ofetftins 
S ^ t "  <« . 3 ,  
wfe©i?e AS i« tli0 aastmt the Psjpai 1©TO1 is displaeed, aiadi 1 
i» Boltswajm's eoastajQt» Biis equatioii idlll reduce to 
¥allm«#»s ©qimtioa in th® limit wkare 0. ®a.e ti?aps 
m&j he elifeMieal i^ witiea (30,31) # or itfeota introdmeti bj 
paiiatieu* J'elmstoa (32), has obtaliiM #"?id©iie® foi» electron 
toaps pi*odia.e#d in gx»apiiit« by n0utfon. ii»fa41ation# 
fhis th0mj for poljerystaline graphite has lad smm 
Bmmaa in explaining tli® ©bi«jp¥ed ehaug®! in gv&phlte pfop-
erttm as a fuattion ©f radiation daiaag®# ®ie ©ffeet of 
radiation is to imT>em& rssiatifitf, aM ohaag# th« siga of 
th,® Hall eoeffieieat fpoa n«g&tiT© t© positive (33#314) • tfa® 
ehaag® in sign ©f -th# IMll eoeffielent is eonsistent irltJi 
th® i5@a of a lo«#r#d Feral 1©¥©1 r-esulting in ©leetrieal 
©ondnetion iMriwitf'ilj toy h,©l®»* It »st b® r©ii®i»k«€ that 
laaiif 4©tmils me moi*© eoaplexi and mmnot to® oxplala^ d toy 
ttieoFies published te 4at®# 
10 
S» Kiln Film Froperti®® 
The pr©p®i'fei«« «»f tiiia filas are ftodied t@ in&wmme 
owt ksQWledg© ©f propwfei#® of a&ttex* ani tla« s©lM 
aad als© to obtain iBf0rii&ti©a ooneerning ^ ©tailed proper­
ties of th© bulk tolid* ft» ®l©eti»ioal r#sisti¥itj of ¥®rf 
tMnt films of aetel imraplablj ia gF^ atep than th® i»@aisi;i¥i-
tj of tbe saae m»%ii.1 im biilk* the thitkatss mst usually b© 
1000 tegstrcws oi" lo»®# J# J» fbm d^on (35) was the- first 
t© suggest that til® «ff »@t ar#ae fi?o« liaitafeions t& tti® 
m&mn fr«@ putli of tk© eleetoans. A review ®f thm ettmta of 
geommtrj on %la« pi'@p®i'ti®a of attals hj S©ndli®ia@f (36) d®-
icsi»ll>®8 til# pj?ss#n% Stat© of »«,eb 8fcttdi#8» 
R©yiiQli» an4 Stillwsll 13?) hair® the vtjpiation 
0f eoMuetivitj iritli tM®te®ss ia thia fila» of e©pp®r aM 
gold# 'fh»y f®p©rfe tti&t in g$a©ral, t&ia films ©xhtblfc «ii® 
variatieaa in properti©® with' .asthod of prepwatioa. 
resistivities tlian would b<® prediatei irem thmmj w®a?@ fouai# 
tlidj obs#FV#i that .©ptifflMa eonimetivitj" was ©tot&iaei toy fast 
®¥ap@?ati@a# Bil« wm&aB m. «v&p©fati@ii i»ate ©f $00 to 1000 
AngstPO-ns per 
Gohea C3B) smgg»ita the l&ttim of ill vawoa evapo­
rated laetala ooat&iaadeft®ts lAieh f©sult pm'tlj frmn mn» 
dmsatioa on a ©©li swfae®* Hi« <l®f@et« &p© a s©ujp©« of 
Mgla resist&ne®. Vaing el®©t3?i#&l r®aisti¥itj &3 iyr* $jiAm 
to tlie i#gre« ®f ii^®rf«@ti©ii, &iffi«a a»d laaor (39»kO) 
II 
studied th© annealing of lattle© defects in evapo3?ated copper 
filmsf Wilkinson, CI4I) studied th© lattice diatortlon spee-
truM of ©mporated gold, fhe electrioal reslstano® of th® 
gold film deere&sed as it wms waFned, in an irreTaJcsibl© 
In exeellent review of the field of thin film studies 
has been wltten bj Kaj&p {l|2,l|3)» Two Toluraes h&ve been 
published oontainlng a dlaoussion of thin film pfoperties, 
exp«plii®ntal wca?k# and an ©xe©ll©nt blblio-gi?aphj-. 
D. Obj@etives of This Seseareh 
fha fipst evaporated earbon films for this investigation 
w®r® prepared in meuua bj th® method deseribed by Bradlej 
(15) • &© films had a metallio luat®r and a large negative 
te^ erature dtpendene© of «l®etrieal resistivity# Bi® resist-
anm at •30®G. was approximately doubl® the resistanee at 
4>30®C» fhis temperature depmdene© of ©leetrioal resistivity 
is wieh greater than reported values for ordinary oarbons*, fh© 
olootrlcal properties of evaporated earbon films wore not 
reported in published literature, and the wagnitudo of th© 
tei^ jerattir© dopendene® of reslstane® ijould not b® ©xpaetod 
froffl known earbon properties# fh© absons® of any ^ioforraation 
conoernlng th© unusual fila properties Indioatod a need for 
further investigation^  
fh® general objeotives of the investigation wore to 
first !»asure th« eleetrioal properties of th© films# Sueh 
12 
measurements as themoeleetrlc power. Hall eoeffieient, and 
th© variation of resistane© with temperattire would be indi­
cated# Inforiaatioii coneerning optie&l transalssion of the 
films would b© ustfml in •deteradalng th® preEsne© of forbid­
den energy region for cijrrent earriers, if atich an en&rgj band 
structure were present. 
It was hoped tlmt tiie result of^  the ljQ¥®Btigatioii would 
b© an understanding of the oonductlon aechanlsa of the films, 
and tb© differences between th© filas and the bulk material. 
It was not known whsther th© electrieal properties ware in­
trinsic to the carbon films, or determined bj external effects. 
®i© large tei^ «rature ddpendene® of realatano© suggested that 
th® fllas were sliailar to ©th®r sealeonduotors# Possible ef­
fects, whos© eontrlbution to the properties of the films was 
not known, were thermo-aeehanical ©ffoets between fila and 
substrate, absorbed gas effeots, i^ uritl®s such as organic 
surface fllas, and structure effects such as potential bar­
riers between small ordered "grains". An understanding of 
the influeno® of such ©ff®ctB on the fila properties was nec-
esaarj to deteraln® the applleability of existing theories 
to the filas. 
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II, S^ lfilMEIfAL 
latroduetioii 
At tM# tiae fchls study was Initiated, Qsrhom films foa? 
©leetroa aicroaeopy w«i*e prepai'eci bj passing an alterimtii^  
0ij2*r©iit of approsiaately $Q Bn^ erea through carbon rods in 
eontaet, 'Bais aetiiod did not pi*o4u©® a true arc, and gave 
avaporation rates of about $0 Ingstroms per raiaute. It was 
eonsii©p#<i a@o®s3ai*f to develop a aetiiod jleliing Mgliei* 
©vaporatlen i?at®a» 1 desirabl® i»ttt© mouM be several hm-
di*«d Attgstroffls per seeoni# 4s ^ ©iriotiBl:^  awntloned, th® 
pi»op©3?tie® of tliln filas mm fmmd to 1>« dependent oa w&po-
Fation rates, with filas dapoaited at the highar p&tes being 
.aore eontinmoiia (that is, therm la Itss aggregation) Clti|.). 
file filaa »»© Qbsmrwed to h&va high i»@sistanoe«i Si© 
resiatance of a fila «. f#w kmdred Angstroms tiiick w&s about 
on© aegolm psf iiqaar®, at temperature* The resistance 
at liquid nitrogen tei^ eratiares, ??%», w&e mr&r&.l orders 
of aagaltM© higiisr* I^ ow frequeuej sleetrieal noisa aM 
irift, a characteristio of mmj high r®slitiirity or B^ iai-
coBdJaetiiig aaterials^  presented problem# f©r liall ©ff®©t and 
resiativitj' tie&sureaent® • 
Film thieka«s»0s msei in this iaveatigation ranged b®-
tw@#n 100 and 2300 Angstroms m lli# l©w@r thickaessea hai re-
sis taaeei too hi^  t© pernit Bmj being above 
111. 
1#^ ©has# Tbl^k ©paqw# filas, sdvefal thou9nM Angsteom® ia 
thieteesa# were foaiad to p««l aad blister aft®r ©xposm*e to 
tb® afefflospli®?®, 
S. ?F@parati«n 
01aaa iilei^ 'osoop® slii@s w©r© used as film 8ubitx»ftt®s 
fsr most of tli® 6l#etj?ieal Quartz plates wer® 
ms®i for high tei^ erature reisistivitj ae«w«iimt», and for 
©ptieal tremmisBlon studies aaar the mltra-viol©t regloa# 
61®ts graiuallj beeeaes opaque for m.'welmgtim ahort^ r tlms 
3000 togstroas# Q,m&rt8 reamliis twwa^ &pmt to fe@yoni 2000 
JtogatrowSi. Fir© p©lisii©d glass a»i «part« jiier®seofj® slides 
have extrea#ly ammth sw f^mm&g as r«¥eal®i hj ©l#etron 
Biiorosoopy, ifcleh wmke tli«a useful f«p tM» fila 
Sotlm ®kl©riie eryatals wrs iis®.a m muhs%w&Mm to 
exmlm optieal transnigsioii of th© tllxm ia tiie infrared 
region* 
Hie pr©e#«liir® nsM fer el#aaiiig glass or quart® aub-
stratss Mill b® Ammlhrndm Slasg aiierogeop® slides ar© 
flan# eleanei b®for® paekaging# It tms bten the #xp®ri©nc® 
ef this lafeoratorf tl»t rinsiag la a. Dr©ft sototion followsfi 
hj diitillei Mat#r is smffieient saMtrat# preparation for 
most waporatei »^ tel filas# Tbis proeedwe wai followdi 
for nmm pr«liiiiaarj «xp^ ®ria®»ts« It wm felt^  howe-rer, 
that a aor© ©laberat© ele&niag proeesa womM aid 
repr-oduclbilitj for experiments continued over an extended 
period of time. Also, substrates often required eonsider-
able liandling wMeh eontaiainated the surfae© prior to 
0¥aporation# fhoroia^  oleaning was then essential# 
In this ease, the plates war© first rinsed or swabbed 
with oonoentrated nitrie acid* fhls was followed by a dis­
tilled water rifis©, and a rins© in a Dreft solution# After 
a second rims© with distilled water, the substrates were 
held by m©tal tongs, and th© water was allowed to drain off 
as moh as possible# Gleafilng was coupleted by passing th© 
plat®» through th© eool lower portion of a bunsen burner 
flaia©. 
Preliminary work on evaporation showed that both direet 
current and alternating current ares work aueh more satis­
factorily in air than in v&euuia# The first ionization po­
tential of carbon i® 11 #2 volts. A higher voltage laust be 
used to obtain an are# For ©arbon ares in air, typical 
values are 1|.0 to 50 volt®. 
An alternating current from a $ 0  ampere supply was not 
adequate to produce an arc in vacuum, although some evapora­
tion did take place, probably due only to heating# With a 
direet current source of four storage batteries in series, 
an arc ©ould be struck# Satisfactory results were obtained 
with no series resistance# fhe resistance of the leads and 
the carbon rods was sufficient to stabilise the arc during 
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til© alaoFt periods ot eiraporatlon, 1?lie ewrent was abo-?® 100 
aa^ «i*©s with %hi& aethod, and th® ©vaporafclon r&te was elose 
to So Angstroms seeoad# 
tt© original arc tooM®!* held on© electrode fixed, tAiil® 
the second ©loctroi© was h©M agalast feiie first hj spring 
tsiiBiott, This holisr dii. not allow extssrml eontrol of the 
are, and ma not satiafaetory for prolonged «mporafcioii» 
A staiwlarfi arc holder wm modified to permit control of 
the el©otrod©s diirlag evaporation# ®iia noiifloation eon-
sisted of replaeiiig th« kmh oa th® horissontal fe«d serow 
with a per?Ba»eat mga®t. Ibten th© holder was in plaee ia--
sia» the vm%itm sjsfceaij, this aagiaet was olos# to th© wall, 
and eould he rotated bj a similar aagaet held against th© out­
side wall# fhls arrangeiseiit paraitted tJi« operator to strike 
th© aro, and to oontrol it 0¥«r an extend©^  period of tia©. 
Tto® oleotrod# holier la shown ia Figure ,2» 
Thm taenia, system was aa H* 0. 1» Vmmm Ufeiit, typ« 
lMf-lA» This systea faaS a Mgli voltage supplj oapalsl© of 
suppljiag up to 7000' volts to two eloetrodas built into th® 
feas© plate, Siis Toltag© wms to ioaiae'rasidmal gas ia 
th.© ciis-i^ er durifig tli# pui^ i-aowi period fctfor© «^ &por&tion» 
fb® iifjaet of th« ionizsi gas aoloo'iil®! ©n tlie substrat® 
tea€©d to el#aii the siarfao© and pro¥£<a© b®tt®r aih@r#iie® of 
evaporated eoatirags ikS)* Aft®r pm^ iag m®rmigh%, th® 
wmmm pressure was loss tlma 5flO**^ jaHi of aterowj as inii-
eated hj a ©old oatliod® diseharg® gai^ e* fh@ initial 
Figure 2. Electrode holder for arc evaporation of 
carbon 
The arc was controlled by the magnet at the end of 
the horizontal feedscrew. 
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Pigtire 2. Electrode holder for arc evaporation of 
carbon 
The arc ims controlled hy the magnet at the end of 
the horizontal feedscrew. 
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pr-easu?© dwiag evapoj^ atton was always l®as tban 10"*^  ma of 
aepciarj# Di«»l*ig evmpoi*atlo.a, tlie pressiare iaepeased in© to 
otitgassiag of t!x© liet carbon el®eti?oa®s» ®ie pressua?© eouM 
usually be mintaiati belw 10*l4 »# Btt^ ing pm-pwp&tion of 
%Mek filial, 1000 togstFoai oy «o?®, #mpoi»a1;ion was doa© 
int®»ittantly to wdti? to pi?©¥©ttt ssoessive eleetrosie heat-
lag# 
High purity gpapliit® speeteosoopic ©leeteodes wer-© used 
fop sTaporatioa* fli®s@ pods wer# amde bj tbe l&ited Carbon 
Pi?odii0ts OQ^ mij Iiiooi*poi*atsd, Baj Sity, MioMgaii» 
fh® va©«Bjm sjatQm of & Q%nm Hfpsr^ ao 20 
meehaiiloal a water eoolefi^  ^ oil dlf» 
fusloa puj^ . Biis system di€ not have a ooM tra|j, aM tla© 
si&8t*»at«s eould liaira beta e©*er*ed with a aon©la.j®i* f ila of 
ailiooao oil «3*ai*iag th,e period# fiaia eofidition 
&<m.M not hmm t)®®ii e«^ let©ly avoitoS by th© addition of a 
©old %i?ap line© both fapop a»d gaases wolfed from the 
«l®etro<3©i diarif^  #mporatlon w©f# soyrees of 
Sleetfon siirfae© dlffraetloa plotw^ s of fi?®slil|- ©mporatad 
fllas did not ahov orgaal© deposits, lio%r#-fer« 
Gm Bl«etP«B. Biffr&etioa fattsrna 
Ki® struetwr# of th© evaporated filsi was ttmdiei hj 
©leetroii diffrastioa# la B» C» A# EMI lltetroa Mieroseop® 
•was used for otosspving th& films dlreetly, aad also fcMp 
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obtaining electron diffraction patterns. The microsoope was 
used only for transmission diffraction pietwes# 
Removal of films from the substrate aiight have been ao-
coraplished by evaporating on salt crystals, which are then 
dissolved, or by poor substrate cleaning, which would reduce 
adhesion between substrate and fllia so that flakes of filra 
would b® released, fhe simplest method, however, was to 
cool a glass slid® and film to liquid nitrogen tei^ eratures 
and then quickly lower th® slid© beneath a water surface. 
In thia way, flakes of film eould be reaoved from substrates 
subjected to ©laborat© cleaning, fhe differential expansion 
between th® glass «aid fila was sufficient to release por­
tions of filaa having a siase suitable for electron micro­
scope observation and electron diffraction. Glass slides 
heated in vacuua to a temperature above their softening 
point would also release flakes of the evaporated carbon 
coating when dipped into distilled water, and thia aothod 
was used for th© examination of thos® films which had boon 
heated several hundred degrees abov® rooa tei^ erature. 
• FilMg of lquad.ag w®r« prepared by placing one 'drop of 
dilute solution on each collodion covered electron micro-
scop© sp®cia#n screen. Sharp diffraction rings were pro­
duced by these films, which had ring diameters indicating 
graphite structure. Aquadag, a colloidal suspension of 
graphite, was road® by Aohmon Colloids Corporation, Port 
Huron, Michigan. 
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Bl#etroa aiffraetloa photographs w«Fe taken oa glass 
feaektd fin® gpala laatem slid® platsst Th&j wmm d#v@lop©a 
ia laatamn D-72 for two aintitest A A^ nsitomtmr plot of tli® 
patteras was ebtmlned m m aid in aaalysia# 
B. Film H0M®r« aad Ass©eiated IqaipBient 
For prellaiaary resistance T0r0ia8 toj^ eratur© stu<ii«»j| 
a Sfffl^ l# holder was earved froa grad® 1136 Lavite, a ©o.»-
neroial caraiai© w&seAling a©apst©ii®« After firing at 
1,000*0# til® material beeam® Imrd and brittle Thm 
lioMtr, eoataiaiag th® film evaporated ©a & glasa slid# aui 
a thersocouple, was plae®a inside a larg® t©®t tab© aromi 
i^ iieli a heater ©oil was womd« tee mmmAlj was plae®d in 
a iwar flask soutainiag liquii nitrogen# As the nitrogen 
©mporatei, th© liestsr ©oil p?©vi^ @i so»® t@ii^ erati»@ ©on-
trol. H®sistaae®s at t«is^ ®rat«r©s ab©¥® ro©a ten^ erature 
M®r@ obtained by beating th® h©M«r 0a a hot plata* 
a# h©l€#r 'did not mintain a unifora across 
the sa»i)l®, and did not provide m®ans for tatisfaatorj aoa-
trol of th.@ tei^ eratwe or its rat© of imr«a«e» Th® ar-
rangeaent was satiisfaetory, liowrer, for obt&iaiiig 0®®!* 
quantitatii^ e infoniatioa Aieh showed that tla© teaperatur© 
depeM©ii0® of thm r®aistifitj w&a negatife and tbat the 
resiatiTitf itself was larger tiiaa reported values for 
p©ly®rjstalliii® sarb©ii.s« 
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Pi»©liralxiiti»y MOP'k' siiggeafeed the deelrabllitj of iaprov-
ing the low teu^ dratiir© ©lestrieal iieasiii»©as®nti bj mxmtrue-* 
tlon of a sa^ l# hoMer vhi@h wmM prowMe aeetirat# t@a-
peratiiF© ©oatTOl aai tmlfom teapwatiar® mresa thm saiapl®# 
In a<4<iiti©a pj^ obes should b# p3?'0¥li«4 f©r Hall voltag® Bi®as-
urements as wll ms reiistlvltj aeftawementfl# 
St® saai>l® lioliei? afaowa in 3 &nd i|. was designed 
aiii eoa@tmet®i, and ppowd quit© satisfaeto^ j# Substi»at»s 
M«j?e pmpmx'md fr©a glass slid#® aeewately emt to thm di-
measioas 1 ineli hj l/k, inoli# Thl» pfovidtd fatorable geoair 
#try tow Hall »RSwea^ nts«, El®eti»o4®# ir®r@ painted on th® 
sli€«s msiiig IMPoBt silfer ©©a^ uetiT© paint tjp® I|.9l6 ik7)* 
fh® itl®eti»©4©s wer« bakei at & tei^ eratur© ot 525*0# Imll 
probes w»© applied usiag & immm. li&iJ? as a brush. Bi«s@ 
ppobes i*aii Just oir®F tii© top BWPtm& and dmm the of" 
the glass. Cwreat ®l«eti*©i«« pan Jmst owmr th© top siarfae# 
at @a@li •ad, mmmi. -eaeh ©ni^  and ov«i» & portioa of 
bottom s-opfa^ # of tfe.® glaas# 
With the gl&0« slip resting on e^ pper plate® attaehei 
to th® hold#!?, th« eaprent path Fan up #a«h end to th@ t©p 
siAFf&e® "©f the slii®» I5quip©t@xitial lines ©f th» em»r©nt 
flow thFQi;^  til® fila were pax*all®l to th@ «ttds of th© pl&t@» 
Coataets with th# Hall prdbmM wmm mi© hj phosphoi? bronz® 
strips which also held the glass slip tightly ag&ixiit later­
al Motion* fh® glass wa« h#l^  agaiast th® ea<l ©outaet.® toy 
ft plaatie bloek idiieh touehei th# fila ©alf at the ©ais. 
Figure 3. Sai^le holder for resistance measurements at 
low ten^jeratures 
The plastic hold-down bar and a sf^le film are shown 
next to the holder. 
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Figure 3* Sample holder for resistance measurements at 
low teraperatxires 
The plastic hold-down bar and a sample film are shown 











Figure Arrangement of sample holder between magnet 
poles for low ten^ierature studies 
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fb® m&iM part of tii® !iold®r was imeliliited from a poly 
i*©d» A c^ ll^ 'plaoei below tli® s®rv®4 
to wmtm the gas »%rm« passing mmr thm fh® iieatep 
also sarwd, to eoapemsat# for heat leaking diom the.hold&r 
froa abotSg i&iela ®tli®i»wis© woulil tend fc© prodme« a tsiapera-
tur# gra^ itnt across tb® saaple# TtmnmmupXes at t&e top 
and bottom of the saitpl© wMeli pass©i up th® n©ek of th® 
h&XAm ftni out t© fch® im batlis, eontainei a© lateratetfiat© 
Jmetions# 
Soeketfl toit eowaestion to tb© sai^ l# probes, and th® 
sa^ l® heatfiFi, »«r# teou^ t out the top of tb® holder# fhe 
si^ l® holder ms desigaei to fit a dewsup flmk with & long 
mrpow nmkrn Tbts riask was pl&©®«l with tht© aeeic teetw®®a 
til® p©l#s of an ®l©dtFO«agm®t as sho%m ia Figtir® li.* a© t©p 
of th© i&i^ l® toold«p ©ottM be nmrnd f» filling with 11q» 
Hid ttitr&gm* A b©il©i» feeataF in th® fiesmr fl&ak was m»e^  
to pjpoime® a v@Ti&bl& gm BtTeam along th® aaapl©*. 
Si« a©a»«jf®ii®ttt ot Fesistaae® abov« ro&m teaperatw© 
required a rmmm faraaoe sieee heating th© filas in air i»e-
sttltei in a graittal !©§« of th© filaa, probably due to eh®a-
ieal eoiiblnatio*i» Th« twn&m shown in Figwe 5 «as uae«l» 
It eonsisted of a «©faaio oor© Momi with ©aathol h«at®r 
wij?®. An outer e®raiii,0 eylia^ ey sM®W«S th® stii»i?©iiailings 
fro® aii*@ot i*«.^iatioiip. aiii tlasnial ia®i*tia» Th® Ibmw 
eoF® ws® if, inehms itt length,, ani 1 iaoh ia ItrnM® ^ Siaaater* 
Figure 5* Furnace used for high ten^jerature studies 
The fittings at the end of the furnace lead wires were 
attached to electrodes in the base plate of the vacuum 
system. Black rectangle is a san5)le film on glass. 
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Figure 5. Piirnace used for high temperature studies 
The fittings at the end of the furnace Xead wires were 
attached to electrodes in the base plate of the vacuum 
system. Black rectangle is a sai^le film on glass. 
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fh® xwm&ee was ©rpaiiged to he aonatsi witMa %tm vaem-
na elmab®!? of the !• 0. A« Iflf-IA fsettua system# CJergaaie 
itrtps wer® pl&eei imS.ew tli© txwa&m to lasulafc© it from di-
rmt tii^ Fnal eontaet with th® rmmm sjBtem bas®. Th& f«r-
imd® lieat©f» was sapplldi by th© Mgfe ewpent fila­
ment supply m fcke ta€Sttm nfstaa# 
f©iir «tra eoimeet©!?® tli® bas© plat© w®r@ ttsad 
feF th«Fi»e©tipl© mA i»®siataRe# Isai®# Sables wm^ e ©vapo-
Fat«d mt© oa® iaeb fey l/I|. Jji©h glass |^ lat®®« These plates 
wre plaeeA ob tli# feottom @.f tli® fura&ea twagatea 
b©nt pTOvii© a spring .eontaet t© tli© platei, were 
ftttaeh#^, the d»®lga of fch# with It a &pmn mndSj, 
p©^ aitt«i tei^ #ratw« gi»adi«iitsf a#FO#s tli@ sa^ l«« For this 
P'&mmnf at fiipiia«« &hmm 700^ 0*, the measured 
feeu^ e^ratw® at th® ©enter of tjli© fila was mfeottt fi¥© pej? 
mnt higher fehaa ^ hm t@i^ »atiajp© at tli© eais of tb# fila» 
S* fjp©®®4w# 
!• lesistlvit^  ^
(a) leaiat&nee &s a fiiiaeti#a ef feea®#y&ttige. Eie IstFg© 
vai*iati©ii ©f fesiataiie# with is m.m ®f tli© in-
fe®f»«.at!iag and iiamamal pf>©p»ti®s of th© filiss. It was also 
®a# ©f the fia?st properti®8 'b® ©bs«F¥©i tad i»as«i*©d# 
Exempt foi» #«a® pj?®liiiimi»|' «©a®ii?««ata md® in th® 
l&vit# saapl# fe®li»j, i»st of th® e^sistaii®® ia®a®iir@m®nts 
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at loH feeit5)»attix»©0 wefe mad© with th© ianpl# lieldei* dtsigaed 
for 1 inoli hf 1/% in#li glass ©2^  plates# •• Poj? film 
Gf appr-ozlnately 5^ 0 Angstmm^  %h& TQom tea-
p«ratia»# ysilstaae© was a few twg^ ms# Si© rml&tmim of 
such & fil® &t liqmid nitregen fcei^ e^ atwss was aliiosfc thi?@s 
ssrders of aa^ itttde greater# l©sigtaiie©« of th.® filae w©f@ 
aeaswed with, m E» 5. A# men«» tub# fM mettia 
tiij® ©lim»tei» Mas aeenf&t© to t Z per e«at l>©l©w 10 aegolnas* 
fo atilis© this aeewany at Iw tei^ espatures, it was n«e®s-
serj to tase & fiia geoaetrs' wMeli. i*®siilt«d ia a lower re­
als tanee fm tbe film i&a|jles.» , 
low®2» p®sisfe&aee films wmm ^ btaia©d in th© fol-
Iming mjmwt A atiek of Apimm M, a blaeJfc mx msed for 
BQaliog Joints in wmmm systems, ms &mr a gas 
fla», and & fin© Max threai wms draMB from th® ftiek. Ki# 
thpemi ms plmm^  aeross an #vap©yat®i mrhom. film parmll®!' 
to th© eai ©l#iitF®i«s« lb© sttbetrat# and wax •thread M®r® 
plae«i t» an m%i»sfli»© ©mtaiaing ©arboa t©-tei»iioM©i»id© va-
P@i*« l&is eetis®i the *ax tl»®ad to §.&mr9 tightly to the 
fila# I thto ailv» eoatlng was tbea ®vapos»&t«i ®a th® film 
ia fseii©# lft@p ev&p©»%i©n, tli© f ilm was plaeei in eartoon 
tetoaeM©pld©|» aM th® wax wm iiaaolv«d* A tliin stfip ©f 
e&rb#B fila, foMjtrly pp©t®«t#d froa th# #llve.r hj th© wax. 
tlirtad, was th&n flaa silver odatliag Bhmt clp-
emlteA tli# p#«lafier ©f feh© f 11a, and provlS#<l l®w aois® 
eexit&ets t© tfe© hlgia ^ ©sistaii©^  stoips# 1 sfeplp 
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of as iaeli wide aad a few lmiidi*edtljs of an iacli long, msml-
ly liad & x'esistanc© of 10,000 to JO#000 obnis at 25®C. Re­
sistances of one aegoha of greater w©p© then rottnd &t liquid 
nitrogen tes^ jsratures. Atten^ ts to 3?edmee reslatariees to 
ssall@r values by using fin©? wax threads to shield the film 
navL&llj resultad la a sanpl# wifcli either infinite or zero 
resistanee# 
Kj.© following pro0©di»© was 0ai»ri#i out in o2»dep to ob­
tain tb,6 <lata at low tei^ epatijres on th© resistance irepsus 
temperature# fhd film was first plaeed ia the «s»i|>l« htoWer, 
and oh®ek#d for ©l«otyieal coattoiaity* Vsmallj saall sqmar'®s 
©f loft lead foil wr® plae«i on th© sanpl© bsldsf eontaets 
as an aid ia mintai»iisg good ©leetrloal coataets in spit® 
of r®lati*© isov#a«iits *b©tM®®a aai 1ioM®p resulting 
from thenml ©xpansion* tt® dami* flask m&s filled with liq­
uid nitJ*og©a, m%4 th© saispl© iioMuF inserted ia place# M-
ditioaal liquid nitrogen wm tlita tteougli th.© sampl© 
hoM@f Into the <3ew®i» ia order to bring tli® nitrogen level 
absfe th® ®ampl®, aitrogm ms foiled* l&Merliig th@ liq-
mii level b®low th# liottoii of the g»^ l®, by aeans of th© 
lieatey at the bottom of the flask# As tli© teaipejratar© be­
gan to ^ ii©, i»«adiiigs w©i*e tak«ii of m© taapl© i»©0i®titnee 
sad til® tlieraocoupl® t©i!ip®patiires at the top ani bottom of 
the •aaapl®* With ©arefml ®oati?©l, fch® teipwattir©® at th® 
®a4s of th© aai^ il© Mora aaintaiaed mqml to witMa oa® 
gi»©«# At higher te^ -eratures between liquid nitWQgen 
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tseapepatwes mud rooa t©nip0j?6tiir€;, t©iap©i?atiJii?e diffei*«rieeE of 
oa© to fi¥® degrees n-suallf oeenrred owiag to th« difficulty 
of adjusting lieater mrrmts aeemratelj, B©eama« of the 
siiapl© pQsitioa in th® narrow aeek of fcfe® iewar flask, tem-
peratOT© gr&dienfca w#i»© alsiost linear ani tli® average 
per&tar® of the and Xow#r tbepaocmiples was tsakea as 
•fell® sai^ il© If fcli© fil» @onaist#i oaly of a 
jf®if strif of eapfeea m few l»iii€r®dfelis ©f an iaeb long, a th©F-
auoeompl® was pls«ei against tli© subsfefa^ e adjacent I© the 
earboii Etrip* Af the feea^ eratwe w&i alloi^ d to iae:risase 
slowly, til© thefiaocompl© aad cmhmi film wmo Sm thexvml 
«qullibi?iTiffl> sad th© th&mnoeomplm was equal to 
fell© stti^ l© t0si>ei*at5iir©:» ®ie a-^ ®Fmg© rat® of fceaperatwe ia-
er@a«« iujfing ft pim wm &ppmxim&t&lj degree par 
aiamt©# 
High t.©ap«2»atiir@ maiataam m&miMPmmmtB wmre ami© ia 
fch® mettm fwa®.®®# Bak#a silT®i» eontaets isf»@ not msed at 
Mgb fcet0p@ratiup#s hmmx»m ©f tli© possibilitj of ©onfeaaias-
tioa an® to ©T&p©rati©n of tia» flil¥iif». Paiafcei platiawi 
eoRtaefcs ox* spring eoataetB aaie from fcimgifceij wire wre ma©^ . 
Plstiaia paiafc was twmn tli# Swaovia Stoaie&l 
Wrnvrnkp Mm- Jei*»®y« &© fwamee *«s to i3Pi¥© ©mt ab-
#©3?fe«i gases bsfei*® ase* fx'msmm ©f 10**^  a» of mmw^ j 
M«p® tlieii imintalaed at Mgli itxm&m t©i%ej*atar©s» Sai^ lea 
©f the p,i*opei» sig® to fit tli® low t®»!|)@r6tisp© holier wm% 
li®afc®d ia the ftupaase, m%& tim resistaas© nas laeas'ure^  
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between tungsten electrodes. Silver paint contacts were 
then added, and low teaper&tuire resistance data were ob­
tained for the filaa# 
Plla resistances less than on© megohai were measiared with 
a Leeds and lorthrup Mo# .l|-760 l#iemtston« Bridge, fei^ eratures 
above room temperature were weasurod with chroael aluaiol 
thermocouples* Galibrated thermocouple wire was obtained 
from the Hoskins Manmfaettaring Coa^ &ny. Temperatures below 
room temperature were i»asiir6d with copper constantan thermo­
couples# ®i®se thM»M0C0Uples were calibrated with a Bubieon 
Co-aqjany Mueller Bridge by means of a platinm resiatance 
thermometer# A on© degr®® differenca from Admm' calibra­
tion Cl|fl) was fomi at th® teaperature of liquid nitrogen# 
This differ©nee was averaged linaarly to th© ioe point. 
(b) i®aiatang© a@ a function of voltage# Th® problem of 
aemsiiring resistane® as a function of voltag® for carbon 
filas waa iminly one of measuring small currents# Calibrated 
mirror backed mlcroaweters and milliaimeters were used# An 
H# C# A# Fltra Sensitive DC Microaaraeter, type W-8iiA,- was 
also used at the lowest field strengths, where measurement 
of fractioni of a microaaper© were required#* 
A Kay Lab MlOA-10 meter calibrator was used as a voltage 
source# ¥oltages were aaintained to within t 0.^ 05 pei* cent 
so that accuracy was limited only by the acowacy of current 
aeastireaenta# Data were obtained at room te^ erature, and 
at liquid nitrogen temperatures# 
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i d )  Mom temmr&tme re«lati¥ity» Aeoiipate veaistiwltj 
a®as'ar®Hi#iits Invelf© the ppdblmm of measureaeat of the thlelc-
n«fls of th© ••rapofftted films# MeniiiFeaeat of film thiato«ss 
hj mlng ai»«a ienaitj aad the bulk densitj jtetmiyes ae-
ewate wsigM a®asiii»#Mnt® of ««11 ipjuatitles of ioposit* 
ThlB wmth&d is also «ar®li&bl#t So&d (l|.9) lia» jeepo^ tei m 10 
•per eent p©€\i,otion in th# bulk density for film® of 
Siail» pwohXewM my to© aatioip&ted withi ©artoon* 
A smitatol® »etiio4 for aeaswlag siaall particl# tia© 
»ei?ib#d by Milliaas and Baektia (50) ms foy me&stir®-
a®nt of fchiolm©8se» of ®vap©3?&t©d films by l0aj»iiig®i» (51) • 
By shadow eaatiiag a film of & hB&wj ««tml siioli mn gold mer 
mm mdgo of th© film,. %Tm film h«i^ t eaa bo dot©rmia@d from 
a TOasijpoaent of th® aha€o¥ loagtli. j^ ow ahaiowing angles 
cm. b« used to pro^ mo® sfaadow longtli® five to tea tiiaos th® 
film height• 
this aethod did not pfofo »atisfa®toi»y fos» eiupfeoa fil«» 
Aft®r stiadoM o&stingt the sMdow eoat, with or without tli« 
originftl fila, Miiit b® r«»©v#d to a supp^ ting base for ox-
aaiafttion in tli© ©leotron aleroscop®# ThlB was extremely 
diffieult to io •sueeossfully and ©oasisteatly* fli® adlisr-
®ii«® of tht© earfeon to th« substrate and to thie aotal film 
appoared to he tb© soiireo of tho diffieulty# 
Smoeessful thiateoss ao^ asmrements wore i«d« using a 
miltiplo-tooam Intorforone# tootei^ po jroggostod by folansky 
(52) • ©lis aotliot moasiires th® differenoe in tlie optieal 
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between two light reflecting plants, smch s,s Bl and 
EP ©f Fig&m 6, from a i?®fsi?«ne® ©fleeting plane BC. ffe® 
diffef'siae® is th® mppmrnut tM©l»®ss of tto® fllat, Q» Sa® 
,]^ «f©F«tiee 0urfa©©, BGj> arnst fe« p&Fti&lly r®tlm%$jag* ffa® 
siwffte@ BIF kaT® a i>®fl®stivity so tk&t r®fleetioa 
IntBwtQrenm friagaa me p*»oiii©®d between tli« swfiieea BC 
and DIP. fix# sw^ tmrns mat also be i^ tio&llj plane to witMn 
1/100 of a fring® ©wr tli® l©eal ?®gl©n near felie disooatinu-
itj ftt S» 
By adjttsting tim in@llaati©n ©f ®iirfac® BG to swface 
BIF, i. s«t of paF&ll«l inteffepeaee ffifiges aay b© ©btain#d, 
with a iiieontiumity ooewring aloiig the lin® ©f fch.® step at 
!• Eueli a set of fs^ inges will appe«? as in Figii:r# 7# Thm 
tkielai#sg of th« film, «aa be ealeiilat®d froa tiie follow­
ing t^ rmal& 
 ^a fgia^ *® shift  ^wmir# leogtii of ineidrnt ligfet 
fi»iii®@ 8#p«*ati©a i 2 
An optical ayrangeiieat Bhomi diagramtieally in Figtir® 
8 Maa us©d foi» th© tnter-fwoiffite?# li^ t «®wc©, S, w®.s 
& mmmmj r&por- »©» fb# filter, F, eoasisted of « water 
filled tank &ii4 a i#mtteii filter wbieli «#l®etively t^ panaait-
ted th.© 56l|l Migstwem lia® of mrowj. 15ie leas, L, an^  
airrof, M, pspreseat p»ts of a B&ttieli ani I^ oato aetallttrgi-
e&l mioFeaeop© ma#€ to obasr-re tii# f^ iagea* ®i« ffiijg® 










PigTire 6. Arrangement of interference surfaces 
-D 
Figure 7. Diagram of interference pattern 
INTERFERENCE PLATES 
Figure 8. C^tical 
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shift and fringe spading were mmm*&d with a traveling mi-
©ro«eop®« 1 photograph of a fringe pattern is shows in 
Pigtir® 9« 
fh® problem of removing a strip of ©arbon to form th® 
step Has solved by plaoiag str#aks of eollodion on th« glass 
slid® before evaporation. After evaporation, aM after all 
m«aswr®ai«at® had been aai®, th® oollodion aould b@ removed 
Kith th® fila aboT® it by soaking in. n-ani'l aeetat©. Biis 
method produ@#d ©lean fringes without rotighnosa at th® 
friag© bottoms# Silver was then evaporated on th® film to 
produe® the reflecting siirfae© DIF. 
Si® r®slstaae© of th© films was ai©astjr®d with a Special 
Instrm®ats Ii&boratory M«goha Bridge which gav© reprodueibl® 
values to within 0#1 per ©©at# Painted silver oontaot® w®r® 
m®®d» 
2. Optieal trafismlssivity 
t^ical transuiissivitj froia the ultraviolet to th® near 
infrared *ms aeasiared oa a Sar^  Reoording Speetrophotoaeter* 
Qlais and quartz plates war# iaa®d» Film thiekaessas war® 
measiired with th© i11t@rfaro.2aatrio method daseribad pravioms-
ly* 
 ^ Optical transmiasivity in the far infrared was maasurad 
oa a Baird Aasociates Infrared Spaetrophotoaetar. The long 
wavalaogth limit was 16 mioroas# Sodium chloride crystals 
war® used as substrates. Thes® erystala war© em* in 
Figure 9« Interference fringes showing the shift produced 
by a carbon film I|.o5 Angstroms thick 
The fringe spacing corresponds to $l\6l Angstroms. 
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Figure 9» Interference fringes showing the shift produced 
by a carbon film I4.05 Angstroms thick 
The fringe spacing corresponds to $1^1 Angstroms. 
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diameter, and 1/2 cm. tiilek. They were obtained from th® 
Harshaw Chemleal Goiapanj, Chloago,. Illinois. 
3« Hall effect 
Attempts to observe a Hall voltage from the evaporated 
filaa met with several difficulties# fhe films appeared to 
have tei^ orature dependent noise fluotiiations, whieh re­
quired stensitiv© laeasurements to be aade near liquid nitro­
gen temperatures# fhe eircult shown in Figure 10 la a sim­
plified drawing of the eirsuit ut®d» For aimplioltj, vari­
able supply voltages and reversing switohes are omitted# 
The thermionie aaplifier (53) served essentially as an la-
pedanee laateh between the high resistance of the carbon film, 
10® ohms, and the relatively low reslitaaee of the potenti­
ometer galvanometer coistoination, 5[lO^ ] ^aas» All leads on 
the high ia?)©danee side of the oireult were shielded# 
fhe sensltivltj of this sjstea was checked by placing 
a known voltage from a potentiometer across the end of the 
probe lead cable. It was found tiat a voltage of 50 micro­
volts was about th© alnimm observable voltage. Such sensi­
tivity is oon^ arable to more elaborate systems# However, 
the effect of noise and drift required that tiie operator 
naiatain continual observation of the galvanometer t© secure 
iaai:li®iBi sensitivity# 
An attei^ t waa aade to wsasure a Hall voltage from a 
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powei" of eonstantan against copper was aiiailarly measured in 
order to check the method* ®b.e system was also checked for 
thermal voltages arising from unequal thermoeleotric power of 
the oopp#r wir'OS and for other spwious ®ffeets» 
Aa attempt was amd® to m©a®ur© the themoelectrie power 
of high raaistano© filwi in this way, using th© thermionie 
a^ lifier as an iiBp©dane© laateh# In this case, how«ir©r, the 
oircuit was unsatisfactory because th« effect of drift, dur-
int the tim,® necessary to establish a teaperature gradient, 
could not b© followed. 
An alterimt® method was u®@d to aeasur© th® thermoelec­
tric power of high resistance films, fhis method a&de use 
of a high senaitivity galvanometer and a hot probe# fhe 
prob® consisted of a pencil soldering iron with a clean cop­
per tip* A variable transforffler was used tO' control the 
probe temperature, which was measured with a thermocouple# 
A copper wire attached to the iron formed one lead to a po­
tentiometer# The film itself formed the other Junction. 
When the prob© touched the film, the oircuit was coK^ letedj 
and the galvanometer indicated the amount of unbalance due 
to the induced thermoelectric voltage. The galvanometer had 
a senaitivitj of 6[lO*'^ ] aapere per lailliaeter. A devia­
tion of 1/20 »illi»ter could b® observed. Th© probe was 
moved close to the cold junction of the film, in order that 
th© resistance of the film could be reduced without a reduc­
tion of the temperature difference# Measiirement of potentials 
of a few microvolts was then possible. 
Ill 
5« other effects 
C&) PhotQoonduetiirltir* The effeets of light ©iiergj on con-
duet Ivity were ©xaained at room ten^ ispature, and at liquid 
nitrogen temperattare# For low temperatures, a quartz dewar 
flask was a^ eci to pass short w&T©l©ngth radiation# Soiircos 
of radiation ware a aereury aro lamp and a carbon arc. 
(b) Effects of gases« The resistance of thin films often 
ehangea mrkedly wh«n gas is admitted to the '^ aeuiaa system 
after evaporation. The &ttmt of adaii®sion of gases was 
studied with air only. Aa aentioaed previomslj, gaaea could 
not be admitted to a hot carbon film without an inoreas® of 
resistanc© du« to the loss of earbon# Ih®s© a®asurea©nts were 
all md® at room t«iaperatur© with th# R« 0# A. lMf-14 vacuum 
sjst9m» 
I|2 
, III* ISSULfS 
A. 
p3?op-sft;i©s ©f tMsi ®wp«pat©d flla#, intliiiing 
r-esisttflty, ai*© aot ©asily y©pro«lu#®i» ftie nonpeppoduel-
hllitj f©8iilfcs f^ oa th© large @f variables liftileli ®f-
fmt fehsae pp-0p»ti©s» iMn^ las of siieh mrisbles ««»« empo-
i^ atlon rat©, p,i*o>xiiiiity to tbe e¥ap«»attos soia-e©, m4 tjpe 
of ®ml>sts*at«* Pof tills pmmon, immmmmntB of any pi*opei?ty 
w©f© repeated ©tsp mitj filas befor# ir&wtng eeiiclusioiia 
pegapilng tMs propeFtf* 
to -exai^ l# of HMpegreiiieibillty wm th© eiiange in i»e~ 
®l,staiic# of a f ilii mmpm&tt&n i^ il® tli# rila 
ia fehii -vmrnxm sjat«a# la geaeral, tli® peslstajae© of the 
film lae2?t&s#d slmlj with tia®, ©a# fila iii®r«asing 30 p®^  
mn% fF©« original resistaaee ot about one i»golia» Aftef 
approxlmtelf oas hmw, as r«rtii®r «lmag©s oedwi-tti# fb© 
i»#sista2ic® reaalaad tli# nam &ft«r all? «ms admitte4 to felad 
meuttia system* Althm^ h a tmtlmr «li^ t in#x»©a0« la pe-
slstsae® ©ottli b© «ibser*«d at low forepm^  pres-
TO2»®s, thia ineFsas® 5 mxk%) ms loat at Mghap 
OF Imer pm&Bw^ m, an4 was pr^ ofeably to tli® eoa^ metifity 
of tlie aij?# 
Oimas©» to resistaae© with tiae w®i»« taall, less ttoaa 
1 p#i? e®a%,-©i» aoa«l0tei3fe..foi!* filas tImt Imd been heated ia 
a Bi®®« eliang#s i#«f© to eliaages ©dcu»-i»^  
!|3 
is %li© fila istpueturej, aai fc© gmm absorbed oa 
tto TOPfae© of the f ila» J&i® laek ©f a peraaaefit or jc»epro-
4m©ifel® ©ff#©% mpoa misissidii of air 4a4ieat®s no &*%&t 
smMitlvitj feo gai prnrnwrn-m 
I tjpiml diff^ aetioa pieti^ e ©f a earboa fila %& ahowa 
la Flgur# 11# to Insert ©f tli© patt®3Pa of graph* 
It®, ^ l>taia»i froa an Iqaaiag film is iaeluiefi for ©©.r^ afiasn. 
Thm pattera, with its dlfftia® jpings, ts iisllay to 
dlffi»actioii patt©,f»iis obtaiaad froia esFfeons fio© partial# 
siE#» Mastsll CSi}.) preaeati similar plotures# mid nhowB th& 
ehang# wMeh Qmws as tb.® m^hon blmk it heated t© high 
trnmprns'&ttmmm Mm ifi#r®a«© to tlaax^ ii-ess of th# rings results 
fFOM a lndw®i of^ trlng ©f th® 8teU0tW0* 
Sm-0!a ©ffeets wej?® idiiglit ia tli« flla»« How-
©wjp, a® definitely obsejrrabi# lii«i*#as© lii th© flag ish»p-
a®sa was Thm position of th& diffmetiim s^ iag. 1» 
€#t»«ln«d by Jagg's law 
a A » 2i|^ j^ »Sa jl/2, 
wfeer# th® wr© l#»gtli of th.® aoaoelirofiiiitlo radiation Is >\ , 
is th# iiit®i*pliitt® ®pa©lag giving i*is# to iiffraetloiij, 
a la the oi»d©2» ama 0 Is tli© aagl# ©f i«iri&tloii of tli® 
Fcmp ilffraetieii tiatrnmh sm.11 aiigl#s, sin 0/2. will fe® 
p3P0|j0rti©B&l to til® 3E»ing diaa@te3*. In this ease, the fls'sfc 
Figure 11. Electron diffraction pattern of evaporated 
carbon film 
Insert shows the electron diffraction pattern of graphite 
obtained from an Aquadag film. Contrast is reduced from 
the original photographs. 
Ui4-b 
Figure 11. Electron diffraction pattern of evaporated 
carbon film 
Insert shows the electron diffraction pattern of graphite 
obtained from an Aquadag film. Contrast is reduced from 
the original photographs. 
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diffract ion piaga will be glwa by the ©qmtioa 
wher© D la tb® diaa®t#r of tlie diffraction ring, aad i< i« an 
iatstruaeatal eonstant containing all otiier paraji^ twa. Gal» 
ibp-atioa of th© iastriwiiit ia tli© dotermiiiiiti©tt at k» & 
this mset verification that the Iqmdag iiffi*aotioii patt#a?n 
iras mtn&llj tbat of a gp&phite structui?© also furaished 
B&ti&t&etorj ealitefitioa*. A iansitosetei* fepme® was na^ e 
froa sevej^ al different patterns# Th© diameters of tli® two 
dapktst i»iBgs wmre mmmlentlj ©n t3a® d'©iigitom©tej? 
trae© with a m^t&r atiek* Th&m two j*#pi*©aeiited th® 
1^10 1^00 3?@sults af this ealeulation 
are aliom in labl® 1*' 
labl© Im of eallbf»atl®a eoastant for 
©l©0ti»0ii iiffr&etioa &mmm 
Mwa Demi- Deasi- Biff# j^hkl Dift* Phot®* 
lo* toffl«ter tea®t®J? Phsto# Galib* 
Sing Diat 4vt Bia# At# Dia* G<mat« 
CM# «a# ©i3» Angstroms dD « k 
 ^
1 36.6 36»5?. l»kB «iQo«l.g3 2*kk 
2 J6.6 
3 36.5 
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presented in falsi® II. 
faisl® II# &f ©v&peratei eajpteon filas 
Filra Hesiitanes Sadekaess 
Aagsti»«ss otei «» 
1 > 10^  ^ 106 t 2 > 5'10*  ^
2 3,38*10  ^ 128 J l|. i«ii4*io  ^
3 2»38*10  ^ 14-05 t 3 3*2  ^
li- 1*W10  ^ 5S3 i 11 2*61 
5 7.37*1  ^ f2<5 t l|. a.26 
6 2.».f9*l^  130 t 10 1».285 
7 1»6S#1C  ^ 2342 t 10 1*30 
9 i*os*io7 1#2 t 8 1.77 
10 t.33'»10  ^ a8l|. t 6 2»ai 
11 5».l4l|.»l# 276 t 8 
12 ||^ 89-1# l|.05 t 8 6»60 
13 309 t 3 l4«''06 
Althmigli the film resiitivitj wm not & jpepw 
dttsitel® films in th® %Me&n®8® rang© 300 to 800 
MgBtrmm h.m& resist if lfci©t in th® aeang# 2 t® 10 oha esntl-
wmtem, migh.@r T®sl&tivl%im arm &saoeiat«a with the 
filfflS# 
Th® fe6l@?aae# li»t®i tor %Metoi»s® ia®asi»-ements it the 
8feand«ri ««•«». is hy 
• » • • • 
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Table HI, Film L, 
l|.9 
Hesistanc© versus tenperafciar© 
Coon.tl*m©d) 
Besistane© f©ip©3*atOT€ 










































Data foi» a film kaafcti to- a t©j^ er'at'ure of 1|.06®1» are 
presented la f&bl® !?• 'Ki® data are plotted In Figure 13# 
Th® tea^ tratur© depeaieuc® of th® i»®slatanG® has been 
as a result of h#atiiig. Th® 3?©iistano© follows the ©cpiation 
1 a ClQ# 5) 
©v©r tkis t«i!ip«rattir® rang®. 
fabl® I?# Fila 1. lesistane-® v®Piu« t®^ ei*atw© 
after Mating to 1|.06®K« 
H®ai®t&iie@ l®slstaac® Te^ eratw® 
®K. otew •£« 
82.0 10^  77.5 60.0 • 106 88 
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Figure 12. Resistance of an evaporated carbon film as a 
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30 40 50 60 708090100 200 300 
TEMPERATURE, •'KELVIN 
Figure 13. Resistance of an evaporated carbon film as a 
fmiction of temperatiare after heating to 14.06®K, 
52 
fabl# TVm f£lii !•, leslttaae# fersms 
afttr k«atliig to l|.06f®l» 
Hesistanc® 
OlM •E,' $l3»i 
3$*0 10^  101^  ^  l|*00 1# m ^ 
30*0 11Q*$ 3.50 2m»$ 
22.2 120 3*m m 
17.0 127,$ 2»S0 £21+ 
13.ii 136 2.00 2lil 
11# 8 l#70 252#5 
9.70 1^ 5 I.IijO 267.^  
8,00 162' 1#25 a76 
6«82 169-«5 1.03 291 
6»02 17S..5 0.9-9 t96 
183.5 0.945 297 
H#fttirag to M,gh.m tm^pmmtvat&s £v^th@r- r^duma th© re-
sistlTitf and its .te^ e^ afem*© 4#p«rideii0#» T©3?sua 
%emp9rmtiwm data S&P a film heated t© 6S8®i:» gy?® p:r©s®iitM 
ia fabl« f# TiJ© »»lstaii0« follow® tb« ©quatlm 
1 » §f 1»65 (iq, 63 
between rmm ami %h® t©^erat«3P© ©f liquid niti*©-
g®a» Bi« ^ &ta &!*# is Figur® ll|.t 
fabl® ?• Film !• R«slataiie® -rtfaus t®ap#rat;ia*® 
aft©i» heating to 688*K* 
Resistane# MmXatmm fei^ er&twr© 
obw ®'K* ©law •S# 
35*0 10^  T7#5 23,0 10^  100.0 
J0.5 8%t5 19 .-O 1Q%Q 
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Pigiare li^. Resistance of an ©Taporated carbon film as a 
function of teu^erat-ore after heating to 688®K, 
514 
fttbl© ¥#• Fila M.- Heiistane© v®2?8ia® t«nm®patur® 
aft« hmmting to 688®I» 
lesistane® fe^ epatup® lesistan©# f©af(eratur« 
&hm ®K. ofeM ®E» 
ll|.»8 10^  130,0 7.00 10^  202t0 
12*8 M0.5 5#50 235.0 
10.5 l|il«0 lN3ii. 272*0 
9,|0 iTi.O 3*7© 299.5 
Afttf heating to still feigli«r %®rap®s»atiiiP®»|> the 
belle i@p@ai#iie# ©f ^ eslstme# v«Fam,i ttnijerattwe ms furth®? 
mi fbm ©uyir® mppTo&&tm& & iteaigfet lln®#., Data £» 
a film fa.eat©i.t® lj239®l# ai»« presented in Tabl« fl« Siis 
fila wa» ®-fmp©rat0i « a polished qmrti wd&wmQ^ pm slid©# 
®i® jpasistance f@i» this fila follows tli® ©quatioa 
0< mftf ^ im* 7) 
o< » 5i|Bl <^ *e, aai ^  « 2 #58 otMs/%* fhmm data 
plotted ia Figw« 15• 
fafel# ?I* Fila Q. l#si«1;aiio® irersms te3^ ©ratji»# 
.after tieatiag to ljf239*l« 
R«sistaae« 
oii»8 
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TEMPERATURE, ®KELVIN 
Figure l5» Resistance of an evaporated carbon film as a 
function of teB5>erature after heating to 1,239®K. 
S I  
fraotloaal oh&ng® In rooa temperatap© i?©si8taao® is platted 
in Figiai?e 16 • The imta foi» awsFal films pr@smte4 In 
fabla fll. 









1,20 1# ll|.*5 103 1239 1*208 10-3 
2*06 10^ ' 1*58 I# 3T0 0.769 
2*^ 10^ 1*18 1©6 W 0*571 
a#06 10^ 0*790 1# 'm 0*3SI|. 
2#06 10^ 0.338 10^ S3k 0*161^ 
2*06 IQ^ 0.106 627 5*13 10-2 
2*06 10^  2*00 7k.Q 0*97 10*^  
2f£^  10^  ?*70 103 828 0*373 
2*136 1# 1^ 03 10^ 1*69 10-3 
3*3 105 16*2 1# 881 i|.*99 10-3 
3*38 10^  8.7 10^  6SS 2.5i 10-3 
2,2li. 10^  12*l|. 1#' 0*552 
As previously meationei, th® heat tr#atKf>nt t^ wptratur® 
»h®ali b® r®gapdeNi as a piyptaflter'* G^ atiamsfi heatiiig at & 
fixed telipep&tw® for ah ©xteaaded p©ri©4 ©f tiai® will giv« 





1100 1300 300 500 TOO 900 
TEMPERATURE ®K 
Figtire 16. Fractional decrease in resistivity at room 
temperature as a Tunction of the iiighiest film tea^ierature 
reached 
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A plot of fesistlTity •versus temp era tin*© including the 
®ff®ets of heat treatment is shown In Figur© 17» All re-
sistane® data was shifted vertieallj to esorrespoiid to an 
original room tex^ erature resistivity of one ohm-ora» 4s the 
resistivities mmj in general "be fitted to an equation of the 
form, 
p  •  i f ,  
the equation m&j be rewritten in the form, 
Iiog P • Log A -bLogf t 
Siifting the reslstlirlty fertieally in Figure 17 eorreapoads 
to addition or subtraction of a eonstant term, whieh ia 
equivalent to obtaining all data from filaa with identical 
bulk properties# Additional data, not presented here, are 
shown In Figure 17 to indicate the decrease in temperature 
dependence of resistlvitj with heat treatment. 
As shown in Figure 17, a permanent change in the resist­
ance characteristics occurred when the films were heated 
above'the highest temperature previously reached# Above 
rooai tengjeratxire, the dotted line (H « AT'"^ ) for the origi­
nal film had a greater slope and represented a nonequilibri-
iia state# Cooling curves from several high temperatiires are 
represented by the dashed lines. Data along the dashed 
lines were reproducible to ISielr intersection with the dotted 
curve. Heating to higher temperaturea (moving down the 
Figwii 17# EmiBtiritj totsus t©i^e3*att3i»@ 
•®t« i?©8iatiTity of tJbi® origliml f41a was repj?©dm©lbl© 
below room Aft®F Jieatiag abo¥© room tea^ tera-
tw-©, thfe© r@»lstaae« fetiirns to room t«ap®patta»« ©losng a. 
llii» stailar tls© da»li#<I limm ffoi* exaiapl®, tli® line I • 
, If 'tis.® 1» again ifais#i» th® 3P@si«tiiri-
tj follows til® Amh&4 ©uTT# to its iafcerseeticm wtth. 
cur*®, aawi folloM« tli« dotted owto if tli® t©ii|j»a-
twr® is ftfftlier fh® new eoolii^  emrira will li© 
b«low th© previous oa©, aa4 will alwrnys a lower slope# 
ftla slop# is iaaijitaSji#<2 to fell# teagjeyatur© of liquid ni-
teegea m slieim by %hm «aj^ l®s# flais, tlm ©atire set of 
slotted and dallied ewres abovt room tei^ ®FatwJ?$ ©ouli b© 
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RESISTIVITY VS. TEMPERATURE FOR EVAPORATED 
CARBON FILMS 
62 
dotted c\irve) peruMiently changed th© films, and th© new 
cooling euPTe always had a lower resistivity and sisaller 
slope than the previous eooling e-urve* After laeating to 
siiffielently high teaper&ttires, the variation of resistance 
with te®p®ratur© bee&a© linear. The set of curves in Pigur© 
17 cottld he obtained by ejcling one fila to higher and 
higher te^ eratures* 
©• Optical fransiBissivity 
The transmittanee of #v®porat©d oarbon films is shorn 
in Figure 18» fher© were ao^  bond resonan©@s or transmission 
bands in the infrared region# fransalssion gradimlly de­
creased toward shorter wavelengths# The transmittaneo of 
a film of Aquadag is ineluded for comparison# fh© film was 
prepared by brushing a dilute solution of Aquadag on a 
quarts plate. It was not possible to aak« a uniform coating 
sufficiently thin to allow usabl® reading® to be obtained# 
eurvo in Figure 18 was obtained fro« a thin film which 
TO.8 soad%ii,at agglomerated, fransmisslvity of th© filai 
heated to 1,239®I» ia also included# 
BlmpBon, fhora, and Winslow (10) have ii®asur©d the 
transialssivity of fllits obtained by evaporation of bulk car­
bon# fhey reported an average absorption coefficient of 2 
to 3 10^  cm#*^  for th® visible region# In a later article 
(11), Thorn and Minslow gave n « 2.39, and k© « 1.05 for th© 
real and iaaginary coefficients of the index of refraction 
100 
CARBON FILM 
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Th© iaasinary part of th# eoi^ lea; indtx ©f Fefi?aetlon, 
ko, is i*e3.at@i to tb.® &bs©i^ tioii co©ffi®i®*it, Ic , hj the 
relation, 
 ^A /Im $ 
itier® X is the wav®i«»gtli at i«fal©Ii tb.«s® propeJPties «x*@ 
l&is fwisala l«ai« to of » 1.3 aai 0»77 
foF th® thlok mi tb.la films, r^ speetlTtly. fbmm. aati Miaa-
low csbtain®d a valm# ©f « 1«0$ ©t#p a wl^ & tMela®ss 
rang©. All tli«a« i»anif®aeat@ w®f® sai® at a wavtlength 
A «* l»650 AagstFows# I,®«quite® iuii Giaeiao (9) ©fetaiJi#i "ral-
«e® ef Jcq « 0*65 «fid 0#93» ®t® iiilio»g®n®4ty was attributed 
to iife8©Fb®«l gas* ThmB 'mmvi^ emnta uerm »ai® at a wav©-
l®iigth ©r 5i^ 0 Aagitrowfl* Filn tht^ kmrnam w«re mt r®p03?t©i, 
fetat Mere presttaabli- abomt 1000^  lagstFew# 
®io differences between thi© various reported values ar® 
prebablj #u® t© mmtb-Q^ s of preparing th« films, 
ani different aetliois of •aieasiarliig tp&atiti®® sueb as thiek-
a«is# 
E* fli«r*i#l«®ti?i@ P@w#r 
If a t«i>sratwr® grafiient aaroa® a mterial gives ris® 
to a-potential aeross the »a.»t wtterial, the aiga ©f this 
therm0®l®etri© volt&g® is taken as thm aipi of th& eoM 
Jmetion# Aeeordimg to this i#fliiiti©», the t'iier»iO0l®etrl© 
toltag® of all earboa filat #ximin#d wm po-sitiv®# 
0^ 
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Figure 19. Absolute thermoelectric power of evaporated 
carbon films 
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Table fill# Film Q* ffeeweelsetri® p©w» against 
0opi>«r 
Hot Ool« l^ ®3?,ag» ®iei?Mal fhew©. 
4'w®tl©a Jmetida fowe»» 
feapef&tui'# 
«G. ®Gf 
*100 -120 -110 8.1 0#l4.05 
-91^  •113 -103»5 7.5 0.395 
?^6 •91 •83*5 7# 0 0*ii66 
8^ *??•© 6,0 0#333 
•62 »8l»5 •71,8 5.7 0.292 
•60-#5 •»69#3 6»0 0.3i|3 
•56 -T3 6«0 0»353 
•53 -49 •61 *0 5*2 0#32| 
49 ••65#5 -57*3 i|..5 ©•272 
•©.•5 ••60 -52.»3 14.7 o»30l|. 
••38 •53 •^ •5 5»o 0*333 
-37»5 •55 -1|6..3 s«o QmZ% 
Data obtalaei wit^  tli# &•©% profe© method foi* a film 
without beat trtataftiit, fila B, saii a film li,«at®d to 686*K«, 
fil» I, ar® presented ia fabl® a» Data for film B ap« 
plotted in Figttr© 20, 




































T&hlm Film B, fh®rao#l9@trle power aga-iast 
e^ f@r Ce<3»tiim«€) 
Mmm Ijp©ii • f®^ #i?atwe Tb.mtvm.1 fkeimof* 
Tea|pe«i%t8»« Plffwen## EW ?ow«r 
•0« ®G* •€• tiir itv/*C. 
23 i|T«5 lilies im 3#6 
a3 1?4" 3.S3 60T k*Q 
23 3.8l|. 161 $17 3#6 
23 159 136 505' 3*7 
23 103 80 263 3*3 
23 68 k$ 165 3*7 
Fll»i B» tf®rag« %la«r»t«l«#tFl® pwer ag^ aJjist ©opper w 
3»5 t 0*1 
flla *« Si®jpia@©l®©ti*le pwer .againfit 
0©jpptjr 
10<M Irm fei^ sratttr© lto®i?ml 
Te^ afmtiup© BW P@M®r 
®G# •G* y.v p.V*S#' 
^ 2$ im 77' 230 2.99 
2$ 76 5l 155 3*a9 
film !• 4v©i»ag© fe©F«oel©eti»ie poweo* sgslatt; eopper * 
3-1 t oa liT/^ C, 
A plet of the i&ta fos* fila B, Figars ZO, &uggmts tliat 
the pmm fesnis to iii©r@as« at Mgtop 
fMs i« l»di©at#<l th.® -iottei pof^ tlea of Figums 
19 and 20.. SiallaF ©ffeets hme b®«ii ebswwd for graphiti® 
©ajpbon# C59l» Is tli® abs@n## ©f a qm&ntitatlir® thmrj fo3P 
tli® t;h©PBio#l®0ti»ie p©w» of eai*^ ©!!®, th« of th« 
70 
SOOi 
COPPER PROBE POTENTIAL AGAINST FILM 






0 50 100 150 200 
TEMPERATURE^ C 
Flgtir© 20. Thermal EMP of carbon film - copper thermo­
couple. 
The slope of this ciirve is the thermoelectric power. 
The sign of th© voltage is always positive at the cold 
junction. 
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©f t?h® filas is this region wm mt 
fitmdisi ia great®? detail# 
F» mh^ r mtmt& 
1. Ball 
I© Hall folfc&g#® o«ttM be obBerwd ©a filas witii &t 
ifith«m."t» heat fereatmeati, Wm a. fila 600 Jjogatroos in tM©k» 
a©««i a ainifflKB voltage ©f ai<iPO¥©lt» eouM h&'we hmm 
#fes«i?ved. Ss^ l® tmwm% wm 3© aieroaap®!?®®, witli a aaxi-
mm it®M sfcF#agtli of $Qm gamss. I aaxima mlu# for tb« 
Hall eo#ffi©i©at &ma b® foiiai witli th® ©qmtioii, 
% * 
yb«i?« Kg ii th® Mil e#«ffi0i®at, ?j i» tb© lall ^ eltag®, 
Hg it the saga®tis fi©M iteefigfe, % is current^  «yi 
t is til© film tliittotus* Ba«©Ftiiig tli® valnts gi¥#n ab©v®, 
the aaxiiaim VRlrn® ef % Mill fee, 
1  ^(50 mltm) 10*6 ga4 
® CSOOO gauaa) 13© lO*^  
0#t ea»3/eottl«a#. 
Sii® mmswf&mat wm *«S# mfc li^ii nitr#g®n t©^®ra-
tw®s« k Biailar i»asui»©itt®ii% was »ad© ©a an a3m#&l®d film 
msing ft larger nagatt. feMdkn««s of tM® fila w&» about 
volt «®c# 
72 
5©0 Augstpoais, saa^ pl© ©wreat was I4. ailllas^ seres, &nd the 
field stF®agt1b. Mas 13000 gw«s# A mlnimm ©bisrmbl® voltage 
with this 3jBt@n wm 0«6[3.0*^ J v©lt«» 'Csing th# fojwala ab©v©, 
til# imximra valtt® of th® lall «o®ffIcieat for this annealed 
film was, 
% < 6[lO*"^ J em»3/eoiii«i», 
fliia »®agiiir®a®iit was md# at r©©m t®ap«i»afctare# Wlrna the 
film was e©ol®d by sii^ lj pewing liquid nitrogen m&r ttm 
th« ©^ ©riaent was pepaatei. Again n© Hall volt&g# 
was obs«i*v®4» Pil« thi©toi®88©s, foi* tli® a®a®«j»®a©at» i®» 
t©.rib®d 'ill tMs i##ti#a|> wer# ©atiiaated by eo^ ariag app®ai?-
Ml#® Mitb. filas ©f Imowi tMekn«ss», Smeh estiimtes mm 
probably oo»eet t© witMa $6 Angstfoaa* 
4 o» & saspld of the earbon ms®i for empo-
patlea yi®M««i a valu® for the Hall mefflelmt ®f !|.[lO*'^J 
©a.'^ /eowl-CMA# Biis ¥alm® i® ia good agreement with reamlta 
reported by Doaogim# an#' Eath«ply (60) • lall ©o©fflei®nts 
of s®Ml©oadu©tors' ar© uimally 1 to 100 eM.3/ooiilffl^  ©r 
greater# fh© Hall @o®ffi©l@iits of aetala ar© ma&h smaller# 
Sodim b&B a Hall eoeffioient of 25[lO**5]«ia.3/o©ulo^ ., 
Sboeklej (61) givm a workirig relation 
By /E^  » lO-SitjH (Bq. 8) 
«te©r« ^  aiM ar® tis® applied vol tag© aad th® Ball voltage, 
p.j^  is th.® aobility in ae&f and H ia tbe mtgnetie 
73 
ttmM la gauss# fhis relation l^ &ds to mmimm mobilities 
of III, <:6[l^ j^©a»^ /T©lt i«e, f©i* thm f ila withomt heat treat-
a«nt, aai & mime of p.j^  <0»l6[l0*"^ ] ea*^ /*dlt »@©t fc®" tb© 
feeat treated film.. A tjpieal mlae tor the ac^ llitj of tlwi 
@l«etrons in geraaaim is 2600 s®©» 
2. Fliot@eoiiduetifltj 
lo plioto0oadiJ.©ti¥itj was observ©# Mitii e¥aporafc#d filma 
at lifaid nitr-ogen t®B^ ©Fatm'«s and at ro®a t&^ w&twfe, 
Samtiea was nm&Bami'j during room tsaperatui*© memTOX'evmnta» 
A 4®cf@as® in Fesistanee would ©aiily ©@ei» du® to ii@ating» 
fhla was a j*#8ult of the tesperatiir# i©f®iii@ne® &£ fesistlTl-
ty, enhaneed "by the l&i»g© siii»fa©e ar®& of the tllxm* 
3* Fi«M ©ffeet 
El#etrio field i®p©ad©ttt Fesistlfity, •lAieh las b©®n 
otsswYed in high paaistane® ©v&pm'ated films Cl oha-eia» oi» 
gi»eat©i*), <lii not ©eeiaf with evaporated ea^ bon fi3jw.» In 
th&mjp th© l»g#at ®ff©et 9hm3M. oeeiar at lew tiraperatiires. 
Part of the iata f©r on® flln at llQiii^  ia,iti*og«ii 
t®B!p©x»attii»es are pi*@s©iited la f&bl® X# 
Most of the r^aPiatioa ^ leh 'osoiirs la probably due to 
aneertaintj in i&a^ l© ©tarr-ent#' Hils eouli usmally to© ®sti-
m&t®i to thr®® slgnifleant figuresBie results ai*« euffi.-
eieiit to oto0©rv® mj fieli ©ffeet of the opd&r pi»ediotatol« 
thtoretieally. 
7k 






volts a®p«jp#s volts olims 
0.0100 0.61 10-^ 6 0«0011|. 111,. 78 103 
0*1000 $492 10*^  0*0133 ll|..65 lo3 
o#5ooo 2^»Xk W*^ 0»0691 llj.#87 lo3 
1,000 0,069 10-3 . 111-. 61 lo3 
ll^ OOO 0#270 10*3 • 11^ 81 103 
60*000 l|.#§9 10*3 • 111.. 82 lo3 
100*0 6*80 10*3 - ll|,#7o lo3 
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If. DISCU'SSIOI 
*Bm Styaetur® of Caplsoa 
The sti*a,©feiii»® «if g^msAilt© is showi in Figure !• Eaeti 
®&Thm tttoM has tto©® aear-eat aeigisbco'a la th® and 
lialf of th« atoias in a lay®? ar« atioT# atoms in tla® 
m«t lOii®r Iftjai*# legmlar gpmphit® erystala with Stteh tin?©©-
aia®niioa&l wiering haf® b#«a forni in afttiare, bmt a far 
»r« e®fflBon f@m la ©jpdinapy oajpbon fela®k» 
Ia¥estlgatiQK ©f fch® stfuetttF©® ©f fin® partiole cap* 
bons, ameh as l&H|>bla®ka hj jc-raf smi .©ltoti»©a iif-
fraetlon aliowei tliat tl»s® «at©rials bad a struetur© of tj?u« 
graphite layers arraBged apppoxiaately parallel and ©Qmidl®-
titat, but oFi®iit«i 0o®pl«tel|- at r&nioa abomt aa itxi® normal 
t© tlie laysf. H©»e©, the atrttotui*© ©f o?diiiai*y oarbon 
blaeks is ,ii«itb©j? stiJ'latIf erystalliae nor aao3?piiotts» liall 
(63) i»®port®d tiiat the partiel® sig® for cartoon blaeks ex­
tend® fFoa about 20 kagstTomB, a ainlwa deteetabl® si^©, to 
teTeral tbomaani Aagstroas,, 
Hi© ilfftis® Flags prodtised by ©loetrm diffpaetion pi©-
twes of are empo^atei eai»bon M®pe similar in appe®i»ano« to 
x-ray diffyaetioa pietui'ts of Qai»b®n blaeks,, fhB Aitfum® 
3i?ings pi»odue«i by th© ©afbori fila iadi©at«d a partlel® »ia® 
of approxliiately 10 Aagstroas, niilcli is about th® atoiaoa 
al2® tor wiiieli aueh a awibei' baa si^lfieano®# Eleetron 
aioi»oi0©p® Qb&mr&tlQn of tlie filsM jrevealed no visibl® 
T6 
stpu«tia»e» Tiie al®ro«©op© had a resolving powsj? ©f about 30 
Migstroiiia, These rsaults imggest that the partiel© size of 
th® earboB in th@ MHiuaaeal#*! are ev&po^&tsd film was lest 
thmk 30 MMgstvomB and pr-obablj abomt 10 lagstrowa* flais 
particle alse is pp^ably l«s» than tiiat fox* any orii«»y 
0itpb®n tolaek. 
1, a^laaatisa of Rtsults 
fh® p®8istivilif of cartoon fllias ©vap^ wpftted onto a sub-
9ti?at® afc i»@ora t©ffl|j«ratTif»© was about J ©haa-#®# b©f©r»© siim®al-
ing« fhis resistivitj^ va-lue was meb. great®? than the re­
sistivity of most eaJPbGns} th® resistivity of a lingle ©rys-
tal of i5i»t.pliit® in a direction ptrpendiemlar to tbe^©-«jiLis 
is ^©t©d to b® about 5^5 flO**^] ©Im-ea# (21) i th® 
resistivity of ft fia# |»aj»tiel« laj^blaek is about 5flO*2j©toa-
0a» Tlie resistivity of a eirfeon film aanftaleS at 1200®S., 
jfeoifsv®!?, was Bftieli X&wm' thm tli&t of the tia«mealed film and 
was approxiiofttely equal te tii# reaistivity of a fin® partiel® 
la^ lslaek# 
®ier@ is a x»#sistivitj iaereas® ©f afeomt 100 hetwrnen 
gi»aphit« single erystal® iai€ Iftn^blaek. An additional f&e-
t©i* of 800 would the resistivity of lan^ black to 
tbat of an tjiiaim#alei evaporated film# If th.@ evaporated 
films we mswm& ta he a iisordsped solid with local gi»a» 
pMtie cirierlag, a aaall iacreas® in broiagbt about by 
ttn ln©i»®as«> ia t#ii ®^FttttiF© wouli greatly reiu©© tfe# 
77 
reslstlTity owing to ths large aniaotPopy in Goniuctivity b®-
tw©®n the a-axia and c-axis dipsetlons, 4s sliowi in Figure 
16, heating the filas less tMn 300®e« abov# ro'oa t®i^©rature 
redaeed the resistivity hj bm oriei* of mgnitui®# 
large decrease in pesist&no® obtained by heating 
tlie films smggeats that mimealing tended to opdei? th© graph-
it® atruetiare with, the e-a3£i@ aojratal to the lubatrate. Su©li 
m effect ©ould poaiibly b« detested by itmdyiag th® ©ffeet 
of heat treatfflsnt on the reslstane© in a direetioa normal 
to the film Bxa*ime* ©leetron diffraetion pattern was 
not'.affeeted appreelablj by annealing at 1200®K» since sharp-
enlag of the diffus® rings ©btalnei. by ®l®eti*on dlffraetion, 
asi the aiiitioa of um ^inga, would oocur only if th® tern-
peratupe beoarae staff i®i#ntly high to allow orimtation of th® 
graphite layers with jpespeet to eaeh ©th@r# This does not 
b«gis to ocoui* -uiitil th« tsa^eratui?'® i»ea«sh@8 1800®1» (62). 
At t#i^ei?atti3?0s b®l©w 1200®E», th©i*efope|, resistivity is a 
meh more sensitlf® index to order th«n ©leetron diffraetion# 
!Hie tsB^erat'ttre variation of resistanee also varies 
greatly between graphite types# The resistan®© of poly-
erystalline graphit® at 1»3®K# ii about double the rooa tem­
perature reaistaac® The itepend^nm at low t®^®ra-
tures i©@a not fit present theories# Carbon resistors hav® 
an ®xtrim®ly large te^er&ture depeadoao® of resistance at 
th© ten^eratiares of liquid h®liraa (65*66) • Th® iaoroas© ii* 
r®®istaiic«, about two orders of nagnitud® from 2®i:, to l^O^K*, 
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aftk®s QBX'hon resistors useful for teap@rattii»© laeaauyeaents 
in this rang®. Slailar eff«et® war© obs«rTed for filiaa of 
fine p®jpti©l© grapMtes (^>7)» resistaae®® of sueli filaa 
©an b® fitted to ©^lationa related to as ©ip&tioa for th@ 
reaistane# of a mmlmn&mtQV glwmn hj Seits {68, p# 191) • 
13i«»« «^patioiis are of th% f&im, 
Log 1 a 1 + Bfl QT*^ • If2 , 
iA®r# 1 is the resistaaee, f is th® teaparattar©, and th© 
other eonitants ar® ieriTed e^eriaeatally# The reaaoa fat* 
this to©l»vior ha» not b@#a explaia#i« 
A larg® upswing in resistaaee at Torj low teBi®>«ratm*®», 
similar to th« off»ot iia earbon resistors, 1ms l>«®a roportei 
for wry htoETilj raiiation Aaaagei graphit® (69) • fMs ef-
feet ooowroa in saapl## wh#r® A 5 , th® iwiation of the 
Penai l&v®l from tli® bomd&rj bctwoea tho eoniuotion and 
mlsao® baads imm p» 9% wma to®li®T®d to too large# Si® ®f-
foet doos not aooia to taaTO beta explminoi# 
Haamoalod film uaed in this Inirostigfttlon liai a 
dlopondone® of reiiatant© oa teapor&tur©# Presont publiihoi 
thoorios do not fit suoli a strong t«iii>eratiire variation of 
resistane©. In fi«w of tli® faot tInat larg® lner©as«s in 
rosiatifitj with tei^erature at tea^ioratures below rom t®a-
perature aoons to b© emmmn to fin® partiol# graphito®, 
Mglily radiation dm&g@d grap'Mt®#, and are ©faporated eiyp-
boa fil«», it is possibl® tMt th© tmknom »©eiiani»a is th® 
sail® for all of tlioae thr®« typts of earbom. 
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After prolonged Tcm&t treatment^  or tre&tiaont at Mgh 
t®-i^ firat«r®s, tli« roaistaae© voratis temperature eliairaetoris-
tlm of til® filas approaeii#! thoa® of a fin© partiel® graph-
it©# Ito® resistane# of the fila h®&t treated to 1239®!# 
oouM b® r®prsseiitofi by aa equation of tk© form 
1 » a -(3 f , iSq* 7} 
with a » oii«S| aaA » 2*5B ohms/*!# , as shorn ia 
Figiir® 15, aaa f&bl® ¥!• fMs resistanos my b® #hang«i to 
r«sisti¥ity bj mltlplyiag th« resistanc© bj th@ proper g#o-
a®trieal faetor# llthottgh th® thiofeioss of this fila was 
not iiea»iar«<l, it was estimat## hj appoarane® to b© $00 t $0 
tegstroas# The length of th® fila was 1 ineh and it® width 
was l/l|, iash# 
Bi® Constanta in th« eorrespontdiag oqmtion for resistiv­
ity may th«n b® ooi^ aroi with aiailtr iata on fin® partiel® 
earboas obtaiaod by othor ia^ estigators. Si fabl© XI, th© 
eonstants for th© film ar@ eoi^ ared with siiailar valm®» ob-
tmln&d by Tylor and Viltoa {33*56} for laa^ blaok and eok®. 
Table Xl» Coastaata for the oguatioa p» 6 " mf 
Stt^ le, aad Partiel© Siz® 6 m 
(e) otarea*, oh»-emt/®K. 
lAiipblaek-, & « Boo lagstroas 7»?S 10*<3 7«ljj6 10*^  
Ooke» e « 1|.00 Angatx*ema^, irra<liat®d 1|.«52 10--3 2 •81 lO*^  
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As shown in Figure 19, the thomoeleetrio power also 
had values, elos© to that of laaphlack# fh© d©cr®as® of ther-
mooleetrie power with heat treatitt«nt ia iimilar to effects 
observed in irradiated graphite (56), but the ehange in the 
filMs was not as larg#» 
Tb.& verj saiall Hall eooffioients of the films also sug­
gest that the struetur® of the films was that of a disordered 
solid, resulting in low carrier aobilities* The anoimlous 
behairior of e»rtain high resistivity ssmieonduetors is attrib-
ut@d to iahomogenoity. Shoekley -(61, p» 288) suggested 
that siaall density dlfforenees frcaa place to place cause 
large differeneea ia oonductivityt With suoh a structure, 
the current patha boeorae tortuous, and artificially low Hall 
«ffect and mobility will be obtained#-
Gt Auxiliary Gonsid«ratioa» 
1# Introduction 
Bi th© preceding dineuaaion, the carbon films wore 
considerod to be aaorphoms carbon with local order* All th© 
obserfed properties of the films wore not predictable, but 
no properties were in oonfliet with this picture# During 
th® investigation, aany other atructuros wore considered as 
possible explanation® for the ©loctrleal properties# In 
addition,, there wore aany effects whose Influence on the 
film® had to be aoasurod or ostiamtod. fhos® ©ffocts will 
now be considered# 
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2» fheMo-aecfeanlcal effect 
If the flla and subatrat© have diffarent tiaemal expan­
sion eoefficients, the fila would undergo either tension or 
ooa^ rassion as the t©a®)©rature was decreased. If th© dif­
ference in expansion c©efficl®nt@ was such that t®nalon 
would occur in th« film, a negative cooffioitnt of resist-
anee would be ©xpacted. 
Th® filii® war® ©xaainad with glass, quartz, and ceramic 
aubstrates. Glass and quartz have expansion coefficients of 
about 9[lO'"^ Jand ©•SSflO'^ jper ®G» respectively, whereas the 
carbon films probably had expansion coefficients of about 
6[lO-^ j per ®C»-(55)« A-S the thermal expansion coefficients 
of these substrates were larger for glass and s'oialler for 
«partz than the coefficient for the films, any effect of this 
th©rmO"iiechanical strain on resistance should have been 
observed# The large change in resistance between room tem­
perature and liquid nitrogen teraperattir© was observed for all 
films independent of substrate. MacPherson (70) has meas­
ured a carbon filn ©ff a substrate and fotmd that the high 
tei^ eratur© dependence of resistance was aalntalned. It 
Mist be concluded that therioal ejcpansion effects did not 
cause the temperature dependence of resistance* In addition, 
it appears that any Interaction with the iubstrate did not 
play a prominent role in this effect. 
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3# Absorbed gas affeets 
Pte® p&rtlel® #ai*b©ii® m& aetiv# gm abaorbwa# ffe® 
large aurfae® feo feltiia® ratio ©f aa «vftp©rafc®fi film ahomld 
Allow it to absorb a»d hoM large Qtaamtities ®f gas# A «ia-
pi® eal@ttlatl©» mimw that tbm t© wlm# rati© of & 
film 50'0 Augstreaa is tMekaess will b« ©^ lal to tliat of a 
Mitfe & raiims ©f ISOO tegstroaa# fo a first approxi* 
wition^  til® gas absorbing properties of th® fllas aliouli b« 
siailar t© earbon blatks ©f larger partial® siza®# 
If the absorb®^  gases ©©mli affeet transport ph«3a©M®ii® 
in til© filas by i@er#a«iiag the mm trm pB.%h aai trapping 
oliiupg® earriers, thm ©Itetrieal biiiavi©r «if th® filas alght 
b® qtMlit&tffsly «xplitiii#i« fh© l^ g® in®r@a®« in absorptiv® 
power at %m t#i!^ «rii.tur®s w#ttM ®mgg«st a larg® increase in 
rssistiTity# If tlie ®ff®@t ot be&t tr®atiiiiit M®r« to lower 
the absorptive power of th® fil»®, ©orrect b«-
Mirior wotild b@ «p®et@4t fhlm fefpothtsis, howtvsr, is not 
®onvi»0iiig iA«a 9xmalnei. qtiRntltativtlj# 
Wooi ehareoal is oa# of th« better gas absorb#ra# Tht® 
nbserptlofi of gates by wood ©hareoal at various t«i^ eratto?es 
mA pvmBBur&s mn b® fomi i» th® luternatioiMl Critical 
Tables (1|B, ^  p« 2$0)» ll«-©trieal resiatiirltj -should b« no 
fflore t,lmii profortioaal to tii© mount ©f g&s abs«b®<l by th® 
filas• i plot of tia® logaritlfflt of tlie wolwm oi gas absorbed 
verTOS til# logsritlaa of the tea^peratur® should hat# & 
8I|. 
n«gativ# slop® of alKsafc fl^ ® to aeoount for th@ l&rg# ehaiig© 
In F®sistlirlty» The slope ©f amcli a ewT® for wood eJbarcoal 
has a slop® of mhout !»$% fMs suggest# that th# ©ffieieney 
of the ©ff®ot ©f absorbed gmm on transport phenowsna 
should haT® about a t«p«ratur« d«p®iii«iio» to predict th® 
correct liiereas# ia r®sistitn©®« 
Smeh a larg© teaperatwre d#pead®aee would not be ®x-
f©et©d« Gsball® ®t *1 (67) have ©h@®r¥©d th© ©ffeots of gas 
on th® r®»istanc® of laa|5hla®k at low tei^ ®rat«res aa a 
fimotlon of,pr@a»ure» Only ssall r#v©rslbl« ®ff®ets were 
obserir®d» Oas absorption is a fmnotion of pressmfe as w®ll 
as of teaporatar®. ft® foloo# of gm absorbed hy wood char­
coal at, ataosphorie pr@ssure is more than ten times i3a.» 
voluiae abaorbed at low.monnm prasaures. !&® rttistane© of 
th® ©vaporatsd carbon films ©annot b« rtprodmoibly ehitnged 
by varjing pr«ssnr@. On® mist conelud®, therefore, that th® 
©leetrieal properti#® ef th» films w®r© not th© raaiilt of 
absorbed gmm* 
l|., P©rbldd«n energy bEnds 
From the theory of graphites propo««d by Mrozowaki (71) 
and tti,® «j^ ®rla«ntal work of I*«tko (72), on® alght wcpoet 
th® evaporated filai# of carbon to possess a band struotur®. 
Iherraal activation of earri«rs fro® tib® valene® band to th® 
oonduetion band would aeeonnt for th® n@gativ® taaptratur# 
d«p0nd®nc©» If th® r«8lstaae® t®iap®r«tia»© data for th« films 
shown in Figure 17 are replotted usiag the &xm log 1 versus 
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1/f, til# new «#t of ©wves will appeiup as in figw® 21. This 
s®t ©f ctarves is nermlised t© a room tei^ watur© Fesistivitj 
of 3 oJaa-ea# tor a film ©iraporated at ro-om t«i^ «ratia*©» 
It womld appear that these curves ©ould b© fitted to & 
seaioonduetor BK>i®l with h®at inAueed iaptirity levels limit­
ing resistan©® in th# low t©mp®r8tt«r« region# fii® slop® of 
th©a® etjrv®s suggmts an aetivation ©aergj ©f about 0»18 
Blmtron volts in the low teoperatiar® region# 
Otber «vid®n@® not support this hypothsfsis# fh® 
deviation from a straiglit linB, miag these ooorfiinates, in-
pli#s additional ten^ er&tiire 4ap©ni®ne® than that given by 
ft t«r» of th© fora (E/kT)» The t#a^ «ratwr© a«p«m<lefit 
t®ria whieli gives th® hmt strai^ t lia« is a t«ra fB, %rtiieh 
l@av®s a vanishing aetivati^ a @n«rgy» Uiis temperatijr® 
ieptndene© is to© strong to fit theoretieallj predietable 
resistan0®-t®«p»ratw@ ©qmatimis for s©iaieonduetors# 
An absorption ©ig® eorrespondlng to th© forbidden en«rgy 
gap should also be #bserv#d in th® ©ptieal transmisjiioa 
eharaot®risties» ®i® ab®©n®6 of suoh an @ffe©t at & wave­
length up to 16 -oieroas gives m upper ISMt to th® ®n®rgy 
gap ®f 0#08 ©l®etron volts# Sash an aetivatiea me>rgf 
wjmli b® too «aall to aeeomt^  for &i.& l«rg« ehanges i&ioh 










O i  2 3 4 5 6 7 8 9  1 0  I I  1 2  
l O O O / T , ® K  
RESISTIVITY OF EVAPORATED CARBON VS. 
RECIPROCAL TEMPERATURE 
Figure 21# Carbon film resistance characteristics 








Th@ potslbllitj that may ®ff©@ts my b# caused by hy-
tooearboas or ring ee^ omads may b« oo»sii®p®<i« Altliotigh 
tli® ©arbon ring eoi^ md® sup® toown to posisss forbidd®!! 
®a®i»gy gaps, these tffeets bjp& ©ut by tbe argmeats 
prestiitM in th© disomssion above* ®i© freqiieiieieii of bond-
itifotoMng vibratiojtts (73) ot oarbon bondi li« within the 
#p©etrm ©xamiaod by optieal t3?ansaissioii* lo ovidone® of 
the presano® of band abaof^ tioa was observed» 
6# Graiml^  films 
!Bhla fila® of mmj aetals ar® ««iii®©adm©tlijg» Mosto-
voteh and fodar (7^ ) hav# fomd an ©^ o^nentlml variation of 
rosistane® with t®^ «3r&tw®* A s«fies of r«sist&neo veriius 
toB^ oratm*© ohfv## liailar to th©«« of Fig«r® 20 was i?®-
ported by Sakurai (7^ ) for ©vapor&ted tellwium films# 
Goh»ii (38) ®Jad others hav# reported siailar ©ffeots for 
other laatals# 
The resistane© of m&nj of th©s« filrai is d©|>®iid©nt on 
the applied ©lootrie field# Bioories by Sorter (77) and 
Mostovotoh (78) l®ai to imthematieal eapr«s®ioM for film 
rosistano® which agree woll with ®xp«rla®at«# fh® film 
d^«l is a ®©ri®® of ordorod grains «®parat®d by regions of 
disorder, Aieh give rise to potoatial biyprlers# fh© ®x-
pression® for fila rosistaae© eontaia ©xposantial tei^ era-
tur® dopeadene®, and ®l®etric fiold d®p#nd©iie«« Condaetioa 
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by timneliag lias h&eu suggested by e©i*t&in witera# fb® 
swoeess of tiies# ideas in explaining tli® prop«»ties of »®tal 
filas has suggasted poisibl# applieatioa to earboa films# 
All ffloisls bas«d on granular films ai*e not satisfaetsry 
for several i»®iifions, Th9 uaxiwaa poasible field 
d®psxid«ne® ©f rtsistane® foi* th® eftrbon film® i® far too 
small to fife the thmrlm deseribed abof«« fb# resiatane® 
dep@M«nie® on eleetri© fi®M ihsmld also b® t®w^ er&%wpe de-
p6M©iit,, aad this i©«s net- oe@«r« fh® t©ai)©rattir© i«p©nd-
ene# of r©sl»tl¥itj is oiieli b«tt:®i* fitted to an ©quation of 
thm form 
1 « Af ^ 
tiiMt fco til© results ©f Most-owteli wtiieb pr#di®t aa ©Quation 
©f the fowa 
K » #3^  i% - aP^ /^ /Kf) 
witmr® W is tli« ©leetrie fieli 
'Tli© laek of my obs©i»¥abl@ struet'ure mi®r el«©ti?on 
laieroseop® obaervatloa also suggests th&t gfanular off©et@ 
should not b© as laportant for ©ftrboii me they ar® for «#tals, 
iito®re suehi granular itructm?® ean b® ©bserv®4» 
D» Applieati©a« 
Mention abomia b© ®ade of some possible applieations 
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